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Preface 


A PREVIEW OF THE FIFTH EDITION 


[| believe. and research in chemical education shows. that students who make the effort to fearn 
hut still have trouble in organic chemistry are in mans cases taing to memorize their way 
through the subject. One of the Kevs to students! success, then, is to provide them with help in 
relating one part of the subject to the next—to heip them see how various reactions that seem 
very different are tied together by certain fundamentals. An overarching goal of my text is lo 
help students achieve a relational understanding of organic chemistry, Here are some of the 
ways that 1 have tried to help students meet this goal. 


Use of an Acid-Base Framework is a Key to Understanding 
Mechanisms 


Although Т have organized Organic Chemistry 5th Edition by functional group, I have used 
mechanistic reasoning to help students understand the "why" of reactions; Mechanisms alone. 
however. do not provide the relational understanding that students песа. Left to their own de- 
vices, many students view mechanisms as something else lo memorize, and they are baffled 
by the "curved-arrow ^ notation. | believe passionately that an understanding of acid-base 
chemistry is the key that can unlock the door to a mechanistic understanding of much organic 
chemistry, [n Organic Chemistry 51h Edition. [ use both Lewis acids and bases and Bronsted 
acids and bases as the foundations for mechanistic reasoning. Although students have meimo- 
rized the appropriate definitions in general chemistry, few have developed real insight about 
the implications of these concepts for a broader range of chemistry. | have dedicated Chapter 3 
ta these fundamental acid-base concepts. The terms “nucleophile” “eleetrophile.” and “leav- 
ing ereup" then spring easily from Lewis and Bronsted acid-base concepts, and the curved- 
arrow notation makes sense. T have provided a substantial number of drill problems to test how 
well students have mastered these principles. E have reinforced these ideas repeatedly with 
each new reaction type. Free-radical reactions are also covered, but not unul the eleectron-pair 
concems are fully established. 


Tiered Topic Development Provides Reinforcement of 
Important Ideas 


] have introduced complex subjects in "tiers; This means that students will «ee many concepts 
introduced initially in à fairly simply wav, then reviewed with another layer of complexity 
added, and reviewed again at a greater level of sophistication, 

Acid-hase chemistry, discussed above. Is an example of tiered development. After the ibl- 
Gat chapter on acid. base chemistry and the curved-arrow notation. these concepts are revis- 
ited in detail as they are used in the early examples of reactions and mechanisms, and again 
with the introduction of each new reaction туре, 
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The presentation of stereochemistry is another example, The basie idea of stereoisomers 1s 
mtrodueed in Chapter 4 (Alkeness. A full chapter on stereochemlbstrs. comes to chapters 
later. Cache compounds and the stereochemistry of reactions follow subsequentls. Then the 
ideas of group equivalence and nonequialenee are introduced even later, both ii the context 
ol enzyme calalssis and NMR spectrascom. 

The approach to organic synthesis is yet another example. | start with simple reactions and 
then show students how to think about them in reverse. Геп, later. Dintroduce the idea o£ mul- 
Ustep synthesis using relatively simple to- and three-step sequences; Later М, we have an- 
other discussion in which stereochemistry comes into play. Even later. the use of protecting 
eroups is introduced, 

This “tered presentation" of kes topics requires some repetition. Although the repetition of 
key points might be considered inefticient, I believe that it is crucial to the learning process. 
When à topie b considered after is first introduction. E hase pros wed detailed cross-referene- 
Ing Lo the original material; Students are never cast adrift with terminologs that has not been 
completely defined and reinforced. 


Everyday Analogies Help Students to Construct Their Own 
Knowledge 


| believe in the conmstritivisr heory of learning, whieh holds that students construct learning 
in their own minds by relating each new idea to something thes already know. This is w hs the 
relational approach te learning organic chemistry is so important. For the same reason, ] Вахе 
provided common analogies from everyday experienee for many of the discussions of chemi- 
eal principles so that students can relate à now idea to something thes already know. One of 
many examples ean be found in the sidebar on p. 1642, 


Biological Examples Motivate Students Interested in the Allied 
Health Sciences 


Mans organie chemistry classes are populated largely by premedical students; peepharmaes 
хет. and other students Interested in the life sciences. Biological examples help to muli- 
vale these students. [have provided a number of examples from modern biochemistry and 
medicine throughout the book. Amino acids and proteins have a dedicated chapter that has 
heen completely rewritten in ght of modern developments. Carbohydrates also have a gedi- 
cated chapter that has been moved so that i now follows carbon band amine chemistry. | have 
integrated mans other hiological examples into discussions of the relevant chemistry. The ul- 
пае goal of these examples is to reinforce the chemistry being discussed with material that 
students should tind particularly relevant. Among these are discussions of cell membranes, 
bicorganie sicreachemistry, pheromones. magine agents, nuclee acids. coenzyme mecha- 
nisms, amd mans. many more, One of mans such discussions. for example, is found in the 
sidebar on pp. 296 398 and the accompansing illustration on p. 399, 


Students in an Introductory Course Should See Examples of 
Contemporary Organic Chemistry 


The "canon" of undergraduate organic ehemistrs necessarily contzims mans classical reactions, 
but this text introduces some ver modern chemistry as well. lor example. the Ab edition in- 
troduced a section on transition-metal catalysis, a field that has стау exploded im the last few 
years. This section carefully explains the com entions used in the Held for electron counting and 
calculating oxidation states; This edition builds on that introduction. which previously included 
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the Heck and Stille reactions. Ву adding sections on the Suzuki coupling. alkene metathesis, 
and Buehwald-Hartuig amination. Ass mmetric epoxidation is also introduced, and à modern 
approach to understanding the rate accelerations observed for many intramolecular reactions 
has been developed. There is à somewhat higher level of molecular orbital theory than in pre- 
vious editions; Accompanied by detailed explanations and illustrations; MO theory ts related to 
practical) considerations. such as the meaning of resonance structures. the basis of uromaticits, 
and the understanding ol reaction stereochemistrs. 


Solving Problems Is an Essential Component of the Learning 
Process 


We all know that solving problems is a ke to learning organic hemise. | have provided 
1672 problems. mans of them multipart, ranging from drill problems to problems that will 
challenge the most astute students, Mans are based directly on material in the literature. Phe 
840 problems within the body of the Text are (s picats drill problems that test whether students 
understand the current material The 832 problems at the end of the chapters gover material 
from the entire chapter and. in mans cases, imtegrate material [rom earlier chapters, 

Additionally. [ have interspersed 123 Studs Problems throughout the text. Each of these 
problems has a worked-out solution that carefully shows students the logic involved in the 
probleme-solx ing process. 

Mans students rely too heavily on the Solutions Manual. To help avoid this problem. E have 
reintroduced in this edition a "paired problems" approach. This means that the solutions to 
about 60r? of the problems are provided in the Sting Guide and Solarian Mannal ассо 
panies the text (see below Y, but the solutions to the rest of the problems are net provided ta the 
students. Instructors will recen e complete solutions to these “unsolved” problems in PIT Awr- 
mat. An instructor who would like to make these solutions available to his or her students can 
imply post them on à course Web site or hand them out. 1 have experimented with difterent 
ways Eo use These а пога solutions; For example. Ihave provided the relevant solutions to 
Students шм prior to major exams: (his хасе encourages them to try these problems wih- 
our immediate help from the solutions manual. but also allows them lo check their answers 
later. Alternatively, an instructor could these additional problems as the basis for exam ques- 
tions, Mans ol the “unsolved” problems are adjacent to at least one "solved" problem af the 
sale 1i pe. 


A Full-Color Presentation Improves Pedagogy 


Wath this edition. this textbook makes its Hirst appearance in full color As 1 have redesigned 
the ar program to make use of color E hase kept a few things uppermost in my mind: color 
should be used solely for functional, pedagogical purposes; and both gratuitous illustrations 
and excessive color should be avoided, td believe students have enough to worry about rather 
than tr ing to figure out whats unportant im a textbook.) The use of color, the presentation ob 
the art; and ihe test desten itselt flow from the ideas in fe Psvefiedogy of Everyday Things, a 
book by Don Norman. The core ideu is that these elements in the text should provide sublim- 
maf eues lo students that Гас the learning process. 


Supplements Provide Additional Help for Both Students and 
instructors 


і. The Лиу Guide and Soltions Manta! presents chapter summaries. glossaries ol terms. 
reaction sunmnaries, solutions to selected. problems, Study Guide Links, and Further 
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Explorations. The Studs Guide Links. which are called out with margin icons in the text. 
are additional discussions of certain topies with which, in my experience, many students 
require additional assistance. Examples are “How to Study Orgame Reactions; and 
“Solving Structure Problems.” The Further Explorations. also called out with margin 
OHS in the text. are short discussions that move beyond the text material. An example 
is “Fourter-Transtorm NMR. 

Molecular models (Model 1013) from Maruzen International are available as a bundle 
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wilh the texthaok, For more information and preing. please contact Ben Roberts: 
bwr@roherts-publishers.com, 

3, We will provide, to adopting instructors. a PDP image of the problem solutions that are 
not provided in the Study Guide and Solutions Manual (see the discussion of “paired 
problems abused} as well as full-color images of all ligures in conventional formats so 
that they сап be used in classroom presentations. Instructors at adopting institulions who 
want this material should request it from the publisher at bwr@ roberts-publishers.com, 

+. As with the fourth edition. we will maintain. on the World-Wide Web, an up-to-date Mst 
ol errata in PDF format tor bath the text and the Уле Guide and Solutions Mantal sup- 
plement. These lists of errors wall he generally available to instructors and students 
altke. 


A BOOK WITH A SCHOLARLY HISTORY 


The first edition of Organic Chemistry, published in 1984. required Т. years of development. 
because each topic ws researched back to the original or review Hterature. Subsequent edi- 
Lions, including this ane. have continued this scholarly development process. Almost every re- 
action example ts taken tram the literature; Each edition has benelited from a thorough peer 
review, 
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INTRODUCTION 


What Is Organic Chemistry? 


Organic chemistry is the branch of science that deals generally with compounds of carbon. 
Yet the name organic seems to imply a connection with living things. Let's explore this con- 
nection, for the emergence of organic chemistry as a science is linked to the early evolution of 
the life sciences. 


Emergence of Organic Chemistry 


As early as the sixteenth century, scholars seem to have had some realization that the phenom- 
enon of life has chemical attributes. Theophrastus Bombastus von Hohenheim, a Swiss physi- 
cian and alchemist (ca. 1493-1541) better known as Paracelsus, sought to deal with medicine 
in terms of its "elements" mercury, sulfur, and salt. An ailing person was thought to be defi- 
cient in one of these elements and therefore in need of supplementation with the missing sub- 
stance. Paracelsus was said to have effected some dramatic "cures" based on this idea. 

By the eighteenth century, chemists were beginning to recognize the chemical aspects of 
life processes in a modern sense. Antoine Laurent Lavoisier (1743-1794) recognized the sim- 
ilarity of respiration to combustion in the uptake of oxygen and expiration of carbon dioxide. 

AL about the same time, it was found that certain compounds are associated with living sys- 
lems and that these compounds generally contain carbon. They were thought to have arisen 
from, or to be a consequence of, à "vital force" responsible for the life process. The term or- 
ganic was applied to substances isolated from living things by Jóns Jacob Berzelius 
(1779-1848). Somehow, the fact that these chemical substances were organic in nature was 
thought to put them beyond the scope of the experimentalist. The logic of the time seems to 
have been that life is not understandable; organic compounds spring from life: therefore, or- 
ganie compounds are not understandable. 
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The barrier between organic (Шуу) and inorganic tnonliving) chemistry began to crumble 
in [828 because of a serendipitous (accidental) discovery by Friedrich Wöhler (1800-1882 1. 
a German analyst originally trained in medicine. When Wöhler heated ammonium eyanate, an 
Inorganic compound. he iselated urea. a known urinary excretion product of mammals. 


jut 


ammonium cyanate |  ————»- urca 
ЕСТМ CEN OH ZEE 
an inorganic compound an organic compound 


Wahler recognized that he had synthesized this biological material “without the use of kidneys, 
nor an animal. be it man or dog.” Not long thereafter followed the synthesis of acetic acid by 
Hermann Kolbe in 1845 and the preparation of acetylene and methane hy Marceilin Berthelot 
in the period 1856-1863. Although "vitalism" was not so much a widely accepted formal the- 
Ory ds an intuitive idea that something might be special and beyond human grasp about the 
chemistry of living things, Wöhler did not identify his urea synthesis with the demise of the vi- 
talistic idea: rather. his work signaled the start of a period in whieh the synthesis of so-called 
organic compounds was no longer regarded us something outside the province of laboratory in- 
vestigation. Organic chemists now investigate not only molecules of biological importance, bui 
also intriguing molecules o£ bizarre structure and purely theoretical interest. Thus, organic 
chemistry deals with compounds of carbon regardless of their origin. Wóhler seems to have an- 
ticipated these developments when he wrote to his mentor Berzelius. "Organic chemistry ap- 
pears to he dike a primeval tropical forest. full of the most remarkable things.” 


Why Study Organic Chemistry? 


The study of organic chemistry ts important for several reasons, First, the field has an indepen- 
dent vitality ах а branch of science. Organic chemistry is characterized by continuing develop- 
ment о new knowledge, a [act evidenced by the large number of journals devoted exelusively or 
in large part to the subject. Second. organic chemisirs Пех at the heart of à substantial fraction of 
the modern chemical industry and therefore contributes to the economies of many nations, 
Third. many students who take organic chemistry nowadays are planning careers in the biologi- 
cal sciences or in allied health disciplines. such as medicine or pharmacy, Organic chemistry is 
immensely important as а foundation to these ће, and its importance 15 sure te increase. One 
need only open modern textbooks or journals of biochemistry or biology to appreciate the so- 
phisticated organic chemistry that i central to (hese areas. Finally. even for those who do nal 
plan a cureer in апу of the sciences, a study of organic chemistry is important. We live in a tegh- 
nological age that is made possible in large part hy applications of organic cheinistry to indus- 
tries as diverse as plastics, textiles, communications, transportation, food, and clothing. In addi- 
поп. problems of pollution and depletion of resources are all around us. If organie chemistry Has 
played a part in creating these problems. i1 will surely have a role in their solutions. 

As а science, organic chemistry Пех at the interface of the physical and biological sciences. 
Research in organic chemistry is à mixture of sophisticated logie and empirical observation. 
At its best, iL takes on artistic dimensions. You can use the study of organic chemistry to de- 
velop and apply haste skills in probiem solving and. at the same time, to learn a subject of im- 
mense practical value. Thus, to develop as a chemist, to remain in the mainstream of a health 
profession, or to be a well-informed citizen in a technological age, you will Rnd value in the 
study of organic chemistry. 

In this text we have several objectives. We ll present the "nuts and bolts^—the nomenela- 
rure, classification. structure, and properties of organic compounds. We'll atso cover the prin- 
cipal reactions and the syntheses of organic molecules. But, more than this, we'll develop un- 
derlying principles that allow us to understand. and sometimes to predict, reactions rather than 
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simply memorizing them. We'll consider some of the organic chemistry that is industrially im- 
portant. Finally, we'll examine some of the heautiful applications of organic chemistry in bi- 
ology, such as how nature does organic chemistry and how the biological world has inspired a 
great deal of the research in organic chemistry. 


CLASSICAL THEORIES OF CHEMICAL BONDING 


To understand organic chemistry, it is necessary to have some understanding of the chemical 
bond—the forces that hold atoms together within molecules. First, we'll review some of the 
older, or "classical," ideas of chemical bonding—ideas that, despite their age, remain useful 
today, Then. in the last part of this chapter. we'll consider more modern ways of describing the 
chemical bond. 


A. Electrons in Atoms 


Chemistry happens because of the behavior of electrons in atoms and molecules. The basis of 
this behavior is the arrangement of electrons within atoms, an arrangement suggested by the 
periodic table. Consequently, let 5 first r review the peganization of ще periodot table (зве page 
facing inside back cover). The shaded elei "Tea пропа | heir 
dry; RT Towing their atomic numbers and relative DOSILIONS Wi І be valuabl le later on. For the 
moment, however, consider the fo owing details of the periodic table Dec usi they were im- 
portant in the development of the concepts of bonding. 

A neutral atom of each element contains a number of both protons and electrons equal to 
its atomic number. The periodic aspect of the table—its organization into groups of elements 
with similar chemical roperties—led to the idea that SERENA reside in алет. 4 Or г shells, 


Thus, (mem а, and potnssitito (Group LA) have one valence editos, wheras mm 
(Group 4A) has four, the halogens (Group 7À) have seven. and the noble gases (except he- 
lium) have eight. Helium has two valence electrons. 

Walter Kossel a | rus noted in 1916 that 


atomic number. Thus, potassium, уш 
lose an 1 electron to become КЎ. the potassium ion, which has the same Бег of electrons 
(18) as the nearest noble gas (argon). Chlorine, with seven valence electrons (and 17 total elec- 
trons) tends to accept an electron to become the 18-electron chloride ion, CI”, which also has 
the same number of electrons as argon. Because the соке gases have an octet of electrons 
ш 15. ihe ida SH in дип valence Seis th ! lence 


B. The lonic Bond 


A chemical compound in which the component atoms exist as ions is called an ionic com- 
pound. Potassium chloride, KCI, is à common ionic compound. The electronic conhgurations 
of the potassium and chloride ions obey the octet rule. 

The structure of crystalline KCI is shown in Fig. 1.1 on p. 4. In the KCI structure, which is 
typical of many ionic compounds, each positive ion is surrounded by negative ions, and each 
negative ion is surrounded by positive | ions. The crystal structure is stabilized by an interaction 
between ions of opposite charge. Such a stabiliz | on between oppi she | 


4 


one 
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chloride jon (CT ) 
^ + 
. 

- 
Na 


muB) potassium ion (K ) 


| each СГ surrounded by К“ 


Figure 1.1 Crystal structure of KCl. The potassium and chlorine are present in this substance as K' and CI ions, 
respectively. The ionic bond between the potassium ions and chloride ions is an electrostatic attraction. Each pos- 
itive ion is surrounded by negative ions, and each negative ion is surrounded by positive ions. Thus, the attraction 
between ions in the ionic bond is the same in all directions. 


in elect 1. А st: ion that holds ions together, as in 
crystalline K KCI, s called an ionic. ond. Thus. the — structure of KCl is maintained hy 
ionic bonds between оета ions and chloride ions. The ionic bond is the same in all direc- 
tions; that is, a positive ion has the same attraction for each of its neighboring negative ions, 
and a negative ion has the same attraction for each of its neighboring positive ions. 

When an i ionic compound such as KCI dissolves in water, it dissociates into free ions (each 
surrounded by water). (We'll consider this process further in Sec. 8.4.) Each potassium ion 
moves around in solution more or less independently of each chloride ion. The conduction of 
electricity by KCI solutions shows that the ions are present. Thus, the ionic bond is broken 
when КС] dissolves i in water. 


MOBEEMS 1.1 How many valence electrons are found in each of the following species? 


(а) Ма (b)Ca (с) O^ (0) Вг? 
1.2 When two different species have the same number of electrons, they аге said to be isoelec- 
tronic. Name the species that satisfies each of the following criteria: 
(a) the singly charged negative ion isoelectronic with neon 
(b) the singly charged positive ion isoelectronic with neon 
(с) the dipositive ion isoelectronic with argon 
(d) the neon species that is isoelectronic with neutral fluorine 


* The solutions to problems or problem parts labeled with boldface blue numbers or letters can be 


found in the Study Guide and Solutions Manual supplement. 
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C. The Covalent Bond 


Many compounds contain bonds that are very different from the ionic bond in KCI. Neither 
these compounds nor their solutions conduct electricity. This observation indicates that these 
compounds are ver ionic. How are the bonding forces that hold atoms together in such com- 
pounds different from those in КСЈ? In 1916. G. М. Lewis (1875-1946), an American physi- 
cal chemist, proposed an electronic model for bonding ii in nonionic AU шша) According 10 


Lewis Structures One of the simplest examples of a covalent bond is the bond between 
the two hydrogen atoms in the hydrogen molecule. 


H:H EB 


7 


^ Di 
covalent bond 


In ес. апа “—" are both used to denote an electron pair. | tectror 

he essen "the cova cular structures that use this notation for the 428 
pair bond are called Lewis structures. In the hydrogen molecule, an electron-pair bond holds 
the two hydrogen atoms together. Conceptually, the bond can be envisioned to come from the 
pairing of the valence electrons of two hydrogen atoms: 


ең! Nr IS . IN] iO 


H-+ Н: —. H*:H (1.2) 


Both electrons in the covalent bond are shared equally between the hydrogen atoms. Even 
though electrons are mutually repulsive, bonding occurs because the electron of each 
hydrogen atom is attracted to both hydrogen nuclei (protons) simultaneously. 

An example of a covalent bond between two different atoms is provided by methane (CH,) 
the simplest stable organic molecule. We can form methane conceptually by pairing each of 
the four carbon valence electrons with a hydrogen valence electron to make four C—H elec- 


tron-pair bonds. b 
H 
| n^ | 
e+ hit —— HCH or H—C—H or CH, (1.3) 
H | 
H 


In the previous examples. all valence electrons of the bonded atoms are shared. In some co- 
valent compounds, such as water (H-0), however, some valence electrons remain unshared. In 
the water molecule, oxygen has six valence electrons. Two of these combine with hydrogens 
to make two O—H covalent bonds; four of the oxygen valence electrons are left over. These 
are represented in the Lewis structure of water as electron pairs on the oxygen. In general. un- 
shared valence electrons in Lewis structures are depicted as paired dots and referred to as un- 
shared pairs. 


aue ч, 
unshared pairs H—0— 
= _ __ =” 


А э. = j a 


зап we Pala write йге as — i ahs or even H ‚О, 


The zem ЧА: g examples illustrate а an importa point: 


оул = y | Teepe? кє 
X =f I Ce elec Hi FE Là { 11 t Н CC 


= 
p” 


| "f ү] IE F fi 


Е = 


б 


CHAPTER 1 * CHEMICAL BONDING AND CHEMICAL STRUCTURE 


mation (Sec. [2A ), except that In ionic е Ет section: belong ИЕ lo d 
particular ton. In covalent compounds, shared electrons are counted pice, once [or each of the 
sharing pariner atoms. 

Notice how the covalent compounds we've just considered follow the octet rule. [n the 
structure of methane (Eq. 1.3), four shared pairs surround the carbon atom—that is. eight 
shared electrons, an octet. Each hydrogen shares two electrons, the “octet rule” number for hy- 
drogen. Similarly. the oxygen of the water molecule has four shared electrons and (vo un- 
shared pairs for a total of eight. and again the hydrogens have two shared electrons. 

Two atoms in covalent compounds may be connected by more than one covalent bond. The 
following compounds are common examples: 


H H H HI 
К К. 
CNC or 9 
fo / N 
H H H 1 
thylene 
[I H 
AT " 
Cu or ==! 
/ 
HI H 
formaldehyde 


Н em Or Н — сї — Н 


acetylene 


Акакев contains a triple I 
сауа bonds are е 


Formal Charge The Lewis structures considered in the previous discussion are those of 
neutral molecules. However, many familiar lony species; such ах [SOT ^. [МН]. and 
ПЗЕ, [хо contain covalent bonds, Consider the tetrafluoroborate anion. which contains go- 
valent B—F bonds: 


tetrafluoroborate ion 


Because the ion bears Sa negative Ghatge) one or more of the atoms EIC the ion must be 


. However, chemists have adopted a useful and idiota ravenna et for electronic book- 
keeping that assigns a charge to ADAE atoms. The charge on each atom thus аброй і As 
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Computation of formal charge on an atom involves dividing the total number of valence 
electrons between the atom and its bonding рарын, Each atom receives all of its unshared 
ЖЕЛШЕР ang паў of its bonding electrons, To assigr nal cha і se th 


Chrom count for the atom бу ad Id ne the nt amb er 
t н number of сота TERES! o the atom. Counting the 


electron for each bond. 


Der The result 15 the formal 


This procedure ts illustrated in Study Problem 1.1. _ 


Study Problem 1.1 


Assign a formal charge to each of the atoms in the tetrafluoroborate топ, [BF,] , which has the 
structure shown above. 


Solution Let's first apply the procedure outlined above to fluorine: 


Group number of fluorine: 7 
Valence-electron count: 7 

(Unshared pairs contribute 6 electrons; the covalent bond contributes 1 electron.) 
Formal charge on fluorine: Group number — Valence-electron count = 7 — 7 = 0 


Because all fluorine atoms in [BF,|~ are equivalent, they all must have the same formal charge— 
zero. It follows that the boron must bear the formal negative charge. Let's compute it to be sure. 


Group number of boron: 3 
ET] Valence-electron count: 4 
STÜDVBÜDEDNE 134 (Four covalent bonds contribute | electron each.) | 
Formal Charge Formal charge on boron: Group number — Valence-electron count = 3 — 4 = —1 


Because the formal charge of Богой is — 1, the structure of [BF,|~ is written with the minus 
charge assigned to boron: 


= а 


E 


ird 


E aie 


E: 
| 
—B— 
| 
E 


When indicating charge on a compound, we can show the formal charges on each atom, or we can 
show the formal charge on the ion as a whole, but we should not show both. 


= — 


3T 
tk 
formal charge overall charge don't show both 


* Study Guide Links are short discussions in the Studv Guide and Solutions Manual supplement that 
provide extra hints or shortcuts that can help you master the material more easily. 
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Rules for W awis Structures The previous two sections can be summarized in 
the following rules for Ww vriting Lewis structures. 


` drocen can share по m оге than n | two: ele шош | 


f all bon dine e ectron: sand unsharec 


dic uu may have more than - 
| orthese | cases until exceptions. 


ual to zero. isi idic ted with a plus or n nin и sign on the 


"ELE її Hl LM ША 
Es 1 J TIW. 4 = Der ac 
А s Th ^, - L а р 21 wat vc 7 Tex - TUUS | -— 
" ПЕ E It" Lr E r [ ITO AT 1| || MT. ^ | Ew I^. ami E LI! i] 
= ke 4, 1 =) Te We LISTER " " 
The formal charge on each. uted by the procedure illustrated in — a 
ч a 
3 CENT. ors ли 
ы LA DT HWV kel L Л 
Ч Г "Pg 
4 
а 
1 i 


Here's something very important to notice: There are two types of electron counting. When 
we want to know whether an atom has a complete octet, we count all unshared valence elec- 
trons and aif bonding electrons (rule 2 in the previous list). When we want to determine for- 
mal charge. we count all unshared valence electrons and half of the bonding electrons. 


Study Problem 1.2 EE | | ЎТ | 
—. Draw a Lewis structure for the covalent compound methanol, CH,O. Assume that the octet rule is 


obeyed, and that none of the atoms have Tormal charges. 


Solution For carbon to he both neutral and consistent with the octet rule, it must have four co- 


here is also only one way each for oxygen and hydrogen to have a formal charge of zero and 
simultaneously not violate the octet rule: 


If we connect the carbon and the oxygen. and fill in the remaining bonds with hydrogens, we ob- 
tain a structure that meets all the criteria in the problem: 
T 
m m me 
H 
correct structure of methanol 


PROBLEMS NN А 
| PROBLEMS 1.3 Draw a Lewis structure for each of the following species. Show all unshared pairs and the for- 
mal charges, if any. Assume that bonding follows the octet rule in all cases. 


(a HCCl, (b) NH; (€) — [NHy]* (d) [H,O]* 
ammonia ammonium ion 
1.4 Write two reasonable structures corresponding to the formula C,H,O. Assume that all bond- 
ing adheres to the octet rule, and that no atom bears a formal charge. 
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1.5 Draw a Lewis structure for acetonitrile, C,H,N, assuming that all bonding obeys the octet rule. 
and that no atom bears a formal charge. Acetonitrile contains a carbon—nitrogen triple bond. 


` 1.6 Compute the formal charges on each atom of the following structures. In each case. what is the 
charge on the саше structure? ү 
(а) Н i (b) [i 
NR :O—P—O—H 
DNE ie 
| D. The Polar Covalent Bond 
In many covalent bonds the electrons are not shared equally between two bonded atoms. Con- 
sider, for example. the covalent compound hydrogen chloride, HCI. (Although HCI dissolves 
M ` in water to form Н.О? and СЇ” ions, in the gaseous state pure НСІ is a covalent compound.) 
i The electrons in the Н—С1 covalent bond are unevenly distributed between the two atoms: 
ied are piira or ш tow ard the chlorine and away from the hydrogen 
h electrons are | Iv Is са olar bond. The H—€C1 bond 15 an example 
а 3p lm 
How ‹ can we determine whether a bond i is poter: ? ТИШ of mel two atoms at eant end of the 
emn H A ff ү fet ' И cif Vy HS qe e | 
e lectronegativities ; of a vm ауелі that are important in 1 organic chemistry a are > shown in 
Table 1.1. Notice the trends i in this table. Electronegativily increases to the top and to the righ 
һе most electronegative е ement, E ectronegativity decreases | to the | bottom and to ihe le T 
he periodic table. The less an atom a s electrons, th e electropositive it is. Of the 
common stable elements. ropositive 
H 
2.20 
Li Be B C N О F £ 
0.98 1.57 2.04 2.55 3.04 3.44 3.98 * 
Na Mg А! Si Я Р 5 CI @ 
0.93 1.31 1.61 1.90 2.19 2.58 3.16 | 
К Са 5е Вг 2 
ә 0.82 1.00 2.55 2.96 е 
1 T i3 | 
Rb à A | 
0.82 ` ^ 2.66 
Cs 


0.79 
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If two bonded atoms have equal electronegativities, then the bonding electrons are shared 
equally. But if two bonded atoms have M pred ыу A differente electronegativities, then the elec- 


trons are кыши shared, and ше bond 3 15 polar. (We їп Га polar covalent bo 
a covalent b ing to | ionic!) T : | т жу өн na 


H ĝ- 
— 1 
In this notation, the delta (6) is read as "partially" or "somewhat." so that the hydrogen atom 
of HC] is "partially positive.” and the chlorine atom is "partially negative.” 
Another more nis as Шаг we > ll use to O show сасе is the electrostatic potential 


local positive charge L| - SEEN local negative charge 


" This 1s called a "potential map" hecause it represents the interaction of a test positive charge 
with the molecule at various points in the molecule. When the test positive charge encounters 
à negative charge in the molecule, an attractive potential energy occurs; this is color-coded red 
When the test positive charge encounters positive charge, a repulsive potential energy results, 
and this is color-coded blue. м 

* The EPM of H—C] shows the red region over the C] and the blue region over the Н, as we 
expect from (һе greater electronegativity of Cl versus Н. In contrast, the EPM of dihydrogen 
shows the same color on both hydrogens because the two atoms share the electrons equally. 

The green color indicates that neither hydrogen atom bears a net charge. 


electrons pulled towards Cl 


dihydrogen (H—H) 
hydrogen chloride (H—Cl) 


neven elect! pan duin ng 
quanti iy called t = ie dino joie mom 


and — for the physical йшй Peter Dehye 


$ (1884-1966), who won "nmm 1936 Nobel Prize in Chemistry. For example, the HCI molecule 
Further Exploration 4.1* has a dipole moment of 1.08 D, whereas dihydrogen (H,), which has a uniform electron dis- 


Dipole Moments tribution, has a dipole moment of zero. 


* Further Explorations are brief sections in the Study Guide and Solutions Manual supplement that 
cover the subject in greater depth. 


1.2 CLASSICAL THEORIES GF CHEMICAL BONDING 11 


cpm 72 the v vector r is merely ti 
positive end of the dipole) to the СІ ve negative end), The брод moment is а vector guan- 
tity, and д and r have the same direction—from the positive to the negative end of the dipole. 
As a result, the dipole moment vector for the HCl molecule is oriented along the H— CI bond 
from the H to the CI: 


dipole moment vector 
FU udi P 
| к [ог НС] 


H—Cl 


Notice that the magnitude of the dipole moment is affected not only by the amount of charge 
that is separated (4) but also by лоу far the charges are separated (г). Consequently, a molecule 
in which a relatively small amount of charge is separated by a large distance can have a dipole 
moment as great as one in which a large amount of charg ge ie Separated by a small distance. 


it have permanent dipole moments are called polar molecules. HCl is a polar 

кесш whereas H. isa non olar molecule. dt molecules contain several polar bonds. 

Tapah 7 alar ho ] ha: ША ЧЧ | er] WIN ii d ^0] 1ге ih OD. cal er : 1k] 1d 1 dir п ole Я 1 
- y me А ! 


b m 


jet dpo JE LEE OT L. ILLI | 


‚1 IL. 


s ho id d . (Be- 
cause HCl has only one bond, its эгин moment 15 "ж" to the H— CI bond рє. ; ‘Dipole 
moments of typical polar organic molecules are in the 1—3 D range. 


The vectorial aspect of bond dipoles can be illustrated in a relatively simple way with the 
carbon dioxide molecule. СО,: 


«4—1- 
C—O bond dipoles <_0=C=0 | 


EPM of carbon dioxide 


"LOT & 


Because the CO, molecule is linear, the C—O bond эше are oriented in opposite direc- 
tions. Because they have c лиа! magnitudes, they exact 


т. 7 hs | 
CUltcé ТЕ, ual mz yni- 


Ы 


c orient d in opposite directions always cancel.) onsequent V. 
even though it has ow bonds. In contrast, li ti 
not cance 1, the variou < bond с lipoles ad ld vectorially t nm linole mome 
For example, in the water molecule, which has a bond angle of 10d. 5°, ге ya H bond a dine! es 
add vectorially to give a resultant dipole moment of 1:84 D, which bisects the bond angle. The 
EPM of water shows the charge distribution suggested by the dipole vectors—a concentration 
of negative charge on oxygen and positive charge on hydrogen. 


Q—H bond dipoles 
XX ks resultant dipole moment 
| ^ P of HO 
1.52 D “70 L.52 D _ 1.84 0] ; 
А as x 
H H 


vector addition diagram 


moes tnat ac 


EPM of water 
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n significantly influ- 


регі! “or зне а molecule’ s polarity may give some 
indication of he ly „байн to the HC] molecule, we know that HCI in 
water dissociates to its ions in a manner suggested by its bond polarity. 

. 


+ ñ- 
Н.Н = WO +] (1.5) 


We'll find many similar examples in organic chemistry in which bond polarity provides a clue 
to chemical reactivity. 

Bond polarity is also useful ea ii gives us some кашы 5 we сап гарры LO Like con- 
LS of formal cnag rant to Ind. | arge 18 о OKKC 


charge. For mes the actual Перина charge on ‘the me йе ion, -OH. Is on the oxygen, 
because oxygen is much more electronegative than hydrogen. [n this case. the locations of the 
кайа) Ее mut aS ees are the same. But in other cases the XL, charge does not 


with this intuition: 


actual charge on the tetrafluoroborate anion 


Because the Lewis structure doesn't provide a simple way of showing this distribution, we as- 
sign the charge to the boron by the formal-charge rules. An analogy might help. Let's say a big 
corporation arbitrarily chalks up all of its receipts to its sales department. This is a bookkeep- 
ing device. Everyone in the company knows that the receipts are in reality due to а company- 
wide effort. As long as no one forgets the reality, the administrative convenience of showing 
apis e in one AR BIER scu p track of the ies a little Жак Thus. showing formal 


Analyze the polanty of each bond in the following organic compound. Which hond. other than 
the C—C bond, is the least polar one in the molecule? Which carhon has the most partial pos- 
itive character? 


" 
1.8 For which of the following ions does the formal charge give a fairly accurate picture of where 
the charge really 15? Explain in each case. 
E - | 
(a) NH, (h) HÒ: ic) :NH; (d) CH, 
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1,9 Draw an appropriate bond dipole tor the carbon-magnesium bond of dimethylmagnesium. Ex- 
plain vour reasoning. 


H,C—Mg—CH, 
dimethylmagnesium 


STRUCTURES OF COVALENT COMPOUNDS 


We know the structure of a molecule containing eo alent bonds when we know Is afermit cen- 
пест and its imnolecufar eeonery, Atomic connectivity is the specication of how Шоп in 
a помел are connected. For example. we spegi The atomic connectivity within the water 
molecule when we say that two hydrogens are bonded to un oxygen. Molecular geometry 15 
the specification of how far apart the atoms are and how they are situated in space. 

Chemists learned about atomic connecüivits helore they learned about molecular geom- 
сіу. The concept of covalent compounds as three-dimensional objects emerged in the latter 
part ot ihe nineteenth century on the basis of indirect chenueal and physical es idenge. ШИИ 
ihe carly part ol the twentieth century. however, no one knew whether these concepts had 
ans phssical reality, because scientists had по techniques for viewing molecules at the 
atomic level. By the second decade of the weneh century, investieators could ask two 
questions: (1) Do organic molecules have хрест geometries and, 1 so. what are thes ? (21 
How can molecular ecometrs be predicted? 


A. Methods for Determining Molecular Geometry 


Among the greatest developments of chemical plis sies in the early twentieth century were the 
discoveries of wats to deduce the structures of molecules. Such techniques include sartous 
types of spectroseops amd mass spectrometry. whieh we IH consider in Chapters 12.15. As Im- 
portant as these techniques are; they are used primarily to pros ide 1nformalion about atomie 
connectivity, Other physical methods, however, permit the determination of molecular struc- 
tures that are complete in exer detail. Most complete. structures today come [rom three 
sources: X-ray ervstallegraphs. electron diffraction. and mierowave spectroscopy, 

The arrangement ol atoms in the erystalline. solki state can he determined hy Хеу 
ceysiaifography, This technique. invented in 1915 and subsequently revolutionized by the 
availability of high-speed computers, uses the fact that X-rays are diffracted trom the atoms of 
а ега in precise patterns that van be mathematiealls deciphered to eive à molecular strug- 
ture. In. 19230, efectron diffraction wis developed. With this technique. the diffraction of elec- 
trons hy molecules of gaseous substances can be interpreted in terms of the arrangements of 
atoms in molecules, Following the development ol radar m World War П came иселе 
spectroscopy, in which the absorption of microwave radiation Ds molecules in the gas phase 
provides detailed structural mnbormation. 

Мом ob the spatial details of molecular structure in this hook are derived trom gas-phase 
methods: electron diffraction and пистом охо spectroscopy, For molecules that are not readils 
studied in the gis phase, X-ray ervstallographs is the most important source of structural in- 
tormatian, No methods of comparable precision exist for molecules in solution, a faet that ts 
unfortunate because most chemical reactions take place in solution, The consistency of gas- 
phase and erystal structures suggests, however, that molecular structures in solution probably 


differ [itle fram those ol molecules in the solid or gaseous slate. 
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B. Prediction of Molecular Geometry 


The way a molecule reacts is determined by the characteristics of its chemical bonds. The 
characteristics of the chemical bonds, in turn, are closely connected to molecular geometry. 
Molecular geometry is important, then, because it is a starting point for understanding chem- 
ical reactivity. 

Given the connectivity of a covalent molecule, what else do we need to describe its geom- 
etry? Let's start with a simple diatomic molecule, such as HCl. The structure of such а mole- 
cule is completely defined by the bond length, the distance between the centers of the bonded 
nuclei. Bond length is usually given in angstroms: | A = 107? m = I0? ст = 100 pm (pi- 
cometers). Thus, the structure of HCl is completely specified by the H— С] bond length. 
1.274 А. 

When a molecule has more than two atoms, understanding its structure requires knowledge 
of not only each bond length, but also each bond angle, the angle between each pair of bonds 
to the same atom. The structure of water (Н.О) is completely determined, for example. when 
we know the O—H bond lengths and the H—O—H bond angle. 


— ^ v bond length 
O м ы 
a lw 
E 


Н w Н 


bond angle 


We can generalize much of the information that has been gathered about molecular struc- 
ture into a few principles that allow us to analyze trends in bond length and to predict approx- 
imate bond angles. 


Bond Length The following three generalizations can be made about bond length, in de- 
creasing order of importance. 


ngths increa: nificant! d higher periods v (rows) of the per ic table. 
This trend i 1s illustrated i in (Bi. 1.2 ‚ For ехатр1е. the H—S bond in hydrogen sulfide is 
longer than the other bonds to Pa in Fig. 1.2; sulfur is in the third period of the 
periodic table, whereas carbon, nitrogen., and oxygen are in the second period. Similarly, 
a C—H bond is shorter than a C—F bond, which is shorter than a C—C]! bond. These 
effects all reflect atomic size. Because bond length is the distance between the centers 
of bonded atoms, larger atoms form longer bonds. 


fit Aur M і. k 
— 7 зл Äg Pre 
Н p 
H 
methane ammonia water hydrogen sulfide 


Figure 1.2 Effect of atomic size on bond length. (Within each structure, all bonds to hydrogen are equivalent. 
Dashed bonds are behind the plane of page, and wedged bonds are in front.) Compare the bond lengths in hy- 
drogen sulfide with those of the other molecules to see that bond lengths increase toward higher periods of the 
periodic table. Compare the bond lengths in methane, ammonia, and water to see that bond lengths decrease to- 
ward higher atomic number within a period (row) of the periodic table. 
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oH H H 
\ 5 H x 330 А / 1.203 À 
p AME с с<===с H— c==C—H 
и. K "A M acetylene 
H H H H 
ethane ethylene 


Figure 1.3 Effect of bond order on bond length. As the carbon-carbon bond order increases, the bond length 
decreases, 


2. Bond lengths decrease ‘ith increasing order. Bond order describes the number of 
covalent bonds shared by two atoms s E “example, a C—C bond has a bond order of 1, 
a С=С bond has a bond order of 2, and a C=C bond has a bond order of 3. The de- 
crease of bond length with increasing bond order ts illustrated in Fig. 1,3. Notice that the 
bond lengths for carbon-carbon bonds are їп the order C—C > C=C > C=C. 

londs of a given order dec regs. e in n leng h toward higher atomic number (that is, to the 

right) a ong: uem | FOW | (p riod). the periodic tabi le Compare, or cimus the H—C, 
H—N, and H—O bond lengths j in “Fig, 1.2 Likewise, the C—F bond in H,C—F, at 1.39 
A, is shorter than the C—C bond in H,C—CH,, at 1.54 A. Because atoms on the right of 
the periodic table in a given row are smaller, this trend, like that in item 1, also results from 
differences in atomic size. However, this effect 15 much less significant than the differences 
in bond length observed when atoms of different periods are compared. 


Bond Angle The bond angles within a molecule determine its shape. For example. in the 
case of a triatomic molecule such as Н.О or BeH,, the bond angles determine whether it is 
bent or linear. To predict approximate bond angles, we rely on valence-shell electron-pair re- 
pulsion theory. or VSEPR theory, which you may have encountered in general chemistry. 
According to VSEPR theory, both the bonding electron pairs and the unshared valence elec- 
tron pairs have a spatial requirement. The fundamental idea of VSEPR theory is that bonds 
and electron are arranged about a central atom so that the bonds are as far apart as possible. 
This arrangement minimizes repulsions between electrons in the bonds. Let's first apply 
VSEPR theory to three situations involving bonding electrons: a central atom bound to four, 
three, and two groups, respectively. 

When four groups are bonded to a central atom, the bends are farthest apart when the cen- 
tra] atom has tetrahedral geometry. This means that the four bound groups lie at the vertices of 
a tetrahedron. A tetrahedron is a three-dimensional object with four triangular faces (Fig. 
1.4а, p. 16). Methane, CH,, has tetrahedral geometry. The central atom is the carbon and the 
four groups are the hydrogens. The C—H bonds of methane are as far apart as possible when 
the hydrogens lie at the vertices of a tetrahedron. Because the four C—H bonds of methane 
are identical, the hydrogens lie at the vertices of a regular tetrahedron, a tetrahedron in which 
all edges are equal (Fig. 1,46), The tetrahedral shape of methane requires a hond angle of 
109.5* (Fig. 1.4c). 

In applying VSEPR theory for the purpose of predicting bond angles, we regard all groups 
as identical. For example. the groups that surround carbon in CH,CI (methyl chloride) are 
treated as if they were identical, even though in reality the C—C] bond 15 considerably longer 
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a regular tetrahedron 


methane 
(а) (bi (c) 


Figure 1.4 Tetrahedral geometry of methane.(a) A regular tetrahedron. ib) In methane, the carbon is in the mid- 
die of a tetrahedron and the faur hydragens lie at the vertices. (c) A ball-and-stick model of methane. The tetrahe- 
dral geometry requires a bond angle of 109.5*. 


than the C—H bonds. Although the bond angles show minor deviations from the exact tetra- 
hedral bond angle of 109.57, methyl chloride in fact has the general tetrahedral shape. 

Because you'll see tetrahedral geometry repeatedly, it is worth the effort to become famil- 
iar with it. Tetrahedral carbons are often represented by line-and-wedge structures, as illus- 
trated by the following structure of methylene chloride. СН.СІ.. 


behind the [s ‘i з in the plane of the page 


Heu Mg 
H 


in front of the page 


The carbon, the two chlorines. and the C— Cl bonds are in the plane of the page. The С—С] 
bonds are represented bv lines. One of the hydrogens is behind the page. The bond to this hy- 
drogen recedes behind the page from the carbon and is represented by a dashed wedge. The 
remaining hydrogen is in front of the page. The bond to this hydrogen emerges from the page 
and is represented by a solid wedge. Several possible line-and-wedge structures are possible 
for any given molecule. For example, we could have drawn the hydrogens in the plane of the 
page and the chlorines in the out-of-plane positions, or we could have drawn one hydrogen 
and one chlorine in the plane and the other hydrogen and chlorine out-of-plane. 

À good way to become familiar with the tetrahedral shape (or any other aspect of molecu- 
lar geometry) is to use molecular models, which are commercially available scale models 
from which you can construct simple organic molecules. Perhaps your instructor has required 
thal you purchase a set of models or can recommend a set to you. Almost all beginning stu- 
dents require models, at least initially, to visualize the three-dimenstonal aspects af organic 
chemistry. Some of the types of models available are shown in Fig. 1.5. In this text, we use 
ball-and-stick models (Fig. 1.5a) to visualize the directionality of chemical bonds, and we use 
space-filling models (Fig. 1.5c) to see the consequences of atomic and molecular volumes, 
You should obtain an inexpensive set of molecular models and use them frequently. Begin 
using them by building a model of the methylene chloride molecule discussed above and relar- 
ing H to the line-amnd-wedge structure. 
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(а) [b] (c) 


Figure 1.5 Molecular models of methane. (a) Ball-and-stick models show the atoms as balls and the bonds as 
connecting sticks. Most inexpensive sets of student models are of this type. (b) A wire-frame model shows a nu- 
cleus (in this case, carbon) and its attached bonds. (c) Space-filling models depict atoms as spheres with radii pro- 
portional to their covalent or atomic radii, Space-filling models are particularly effective for showing the volume 
occupied by atoms or molecules. 


Molecular Modeling by Computer 


In recent years, scientists have used computers to depict molecular models. Computerized molecu- 
lar modeling is particularly useful for very large molecules because building rea! molecular models 
in these cases can be prohibitively expensive in both time and money. The decreasing cost of com- 
puting power has made computerized molecular modeling increasingly more practical. Most of the 
models shown in this text were drawn to scale from the output of a molecular-modeling program 
ona desktop computer. 


When ffree groups surround an atom, the bonds are as far apart as possible when all bonds 
lie in the same plane with bond angles of 120°. This i5, for example. the geometry of boron tri- 


Huonde: _ 
7 i20: 
a | 


boron trifluoride 


In such a situation the surrounded atom (in this case boron) is said to have trigonal planar 
geometry. 

When an atom 15 surrounded hy Ave groups, maximum separation of the bonds demands a 
bond angle of 180°. This is the situation with each carbon in acetylene, H — CzgC —H. Each 
carbon is surrounded by two groups: a hydrogen and another carbon. Notice that the triple 
bond (as well as a double bond in other compounds) is considered as one bond for purposes of 
VSEPR theory, because all three bonds connect the same two atoms. Atoms with [80° bond 
angles are said to have linear geometry. Thus, acetylene is a /;/near molecule. 


acetvlene 
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Now let's consider how unshared valence electron pairs are treated by VSEPR theory. Ал 
unshared valence electron pair is treated as if it were a bond without a nucleus at one end, For 
example, in VSEPR theory, the nitrogen in ammonia, :NH,. is surrounded by four “bonds”: 
three N—H bonds and the unshared valence electron pair. These "bonds" are directed to the 
vertices of a tetrahedron so that the hvdrogens occupy three of the four tetrahedral vertices. 
This geometry is called trigonal pyramidal because the three N—H bonds also lie along the 
edges of a pyramid. 

VSEPR theory also postulates that unshared valence electron pairs occupy more space 
than an ordinary bond. It’s as if the electron pair "spreads out" hecause it isn't constrained by 
à second nucleus. Ás a result, the bond angle between the unshared pair and the other bonds 
are somewhat larger than tetrahedral, and the N—H bond angles are correspondingly smaller. 
In fact. the H—N —H bond angle in ammonia is 107.37. 


an unshared electron pair 
occupies more space than 
a bonding electron pair 


ammonia 


Study Problem 1.3 


Estimate each bond angle in the following molecule, and order the bonds according to length, be- 


ginning with the shortest, 


К =g] 
t) — (b) (с) 4 (4) 


T- 


Solution Because carbon-2 is bound to two groups (H and C), its geometry is linear. Similarly, 
carbon-3 also has linear geometry. The remaining carbon (carbon-4) is bound to three groups 
(C, О, and Cl); therefore, it has approximately trigonal planar geometry. To arrange the bonds in 
order of length, recall the order of importance of the bond-length rules. The major influence on 
length is the row in the periodic table from which the bonded atoms are taken. Hence, the H—C 
bond is shorter than af! carbon-carbon or carbon-oxygen bonds, which are shorter than the 
C—C] bond. The next major effect is the bond order. Hence, the C==C bond is shorter than the 
С=О bond, which is shorter than the C—C bond. Putting these conclusions together, the re- 
quired order of bond lengths is 


(a) « (b) < (e) < (с) < (d) 


rises 1.10 Predict the approximate geometry in each of the following molecules. 
(а) water (bi[BE, (е) H;C—O (d) H4C—CzeN: 


formaldehyde acetonitrile 
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1.11 Estimate each of the bond angles and order the bond lengths (smallest first) for each of the 
following molecules. For molecule (b). state any points of ambiguity and explain. 
(a) ue (b) H H 
H (й) Н P\ Н 
үе | (f) rd Жр | va Ў 
GU w ча? am Ob 
a) ka (g) p Ki [gy ae 
C (0). C a H с—=сС 


| c] "i ў h \ 
Да) (N, 
H 


:Br: H e 


N 


Dihedral Angles То completely describe the shapes of molecules that are more complex 
than the ones we've just discussed, we need to specify not only the bond lengths and bond an- 
gles, but also the spatial relationship of the bonds on adjacent atoms. ‚ 

To illustrate this problem, consider the molecule hydrogen peroxide, H—O—O-H. 
Both O—O —H bond angles are 96.5", However, knowledge of these bond angles is not suf- 
ficient to describe completely the shape of the hydrogen peroxide molecule. To understand 
why. imagine two planes, each containing one of the oxygens and its two bends (Fig. 1.6). To 
completely describe the structure of hydrogen peroxide, we need to know the angle between 
these two planes. This angle is called the dihedral angle or torsion angle. Three possibilities 

for the dihedral angle are shown in Fig. 1.6. You can also visualize these dihedral angles using 

a model of hydrogen peroxide by holding one O—H bond fixed and rotating the remaining 
oxygen and its bonded hydrogen about the O—O bond. (The actual dihedral angle in hydro- 
gen peroxide ts addressed in Problem 1.43, p. 44.) Molecules containing many bonds typically 
contain many dihedral angles to be specified. We'll begin to learn some of the principles that 
allow us to predict dihedral angles in Chapter 2. 

Let's summarize: The geometry of a molecule is completely determined by three elements: 
ils bond lengths, its bond angles, and its dihedral angles. The geometries of diatomic mole- 
cules are completely determined by their bond lengths. The geometries of molecules in which 
a central atom is surrounded by two or more other atoms are determined by both bond lengths 
and bond angles. Bond lengths, bond angles. and dihedral angles are required to specify the 
geometry of more complex molecules. 


rotate the 
same plane 


rotate one plane 
another 90 


gir 


" 


dihedral angle = 0° - 3 
UIDERI Argi cis dihedral angle = 180° 


Figure 1.6 The concept of dihedral angle illustrated for the hydrogen peroxide molecule, H—O—-O—H. 
Knowledge of the bond angles does not define the dihedral angle. Three possibilities for the dihedral angle {0°, 
90°, and 180°} are shown. 
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iioi aides 1.12 The dihedral angles in ethane, H,C— CH, relate the planes containing the H—C—C bonds 


centered on the two carhons. Prepare models of ethane in which this dihedral angle is (a) 0°; 
(b) 60°: (c) 180°. Two of these models are identical; explain. 


1.13 (a) Give the H—C=0 bond angle in methyl formate. 
7 
н с=с 
methyl formate 


(b) One dihedral angle in methyl formate relates the plane containing the O—C—O bonds 
to the plane containing the C—O—C bonds. Sketch two structures of methyl formate: 
one tn which this dihedral angle is 0° and the other in which it is 180°. 


RESONANCE STRUCTURES 


Some compounds are not accurately described by a single Lewis structure. Consider. for ex- 
ample, the structure of nitromethane. H,C—NO,, 


nitromethane 


This Lewis structure shows an N—O single bond and an М==О double bond. From the pre- 
ceding section, we expect double bonds to be shorter than single bonds. However, it is found ex- 
perimentally that the two nitrogen—oxygen bonds of nitromethane have the same length, and this 
length is intermediate between the lengths of single and double nitrogen—oxygen bonds found in 
other molecules. We can convey this idea by writing the structure of nitromethane as follows: 


0:7 ‚Су: 
ef +f 
НС —N -«— —» H,C—N (1.6) 
\ М 
TOE "ra 


The double-headed arrow (-——9») means that nitromethane 15 a single compound that is the 
"average" of both structures; nitromethane is said to be a resonance hybrid of these two 
structures. Note carefully that the double-headed arrow <——~ 15 different from the arrows 
used in chemical equilibria, ===. The two structures for nitromethane are nor rapidly inter- 
converting and they are пог in equilibrium. Rather, they are alternative representations of one 
molecule. In this text, resonance structures will be enclosed in brackets to emphasize this 
point. Resonance structures are necessary because of the inadequacy of asingle Lewis struc- 
гиге to represent nitromethane accurately. 

The two resonance structures in Eq. 1.6 are fictitious, but nitromethane is а real molecule. 
Because we have no way to describe nitromethane accurately with a single Lewis structure, 
we must describe it as the hybrid of two fictitious structures. An analogy to this situation is à 
description of Fred Flatfoot, a reaf detective. Lacking words to describe Fred, we picture him 
as a resonance hvbrid of two fictional characters: 


Fred Flatfoot = [Sherlock Holmes «—» James Bond] 
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This suggests that Fred ts a dashing, violin-playing, ptpe-smoking. highly intelligent British 
agent with an assistant named Witson. and that Fred dikes his martinis shaken. not stirred. 

When two resonanee strictures are identical, as they are for nitromethiane, they are equalla 
important in desenribing the molecule; We can think of atroemethane as a 1:1 average of the 
structures in Eq. 1.6, For example, each oxygen bears half à negative charge. and each nitro- 
gen-oxygen bond is neither а single bond nor a double bond. but a bond haifwas in between. 

two resonance structures are not identical; then the molecule they represent is a wverg/ued 
average of the two. That is; one of the structures is more important than the other in deserib- 
img the molecule. Such is the case, for example, with the methoxymethy] cation: 


toon ve 
LC —O0O— CH; w HC-0-—CHi ENE 
methoxymethyl cation 


It turns out that the метиси om the right а beer deseription ot this cation because all atoms 
have complete octets, Henge. the C. -O bond has significant double-bond character, and most 
of the formal positive charge resides on the oxygen, 


Formal charge has the sume Fnutations as a bookkeeping device in resonance structures that ib dies 
ioter structures. Although most of the /erinaf charge in Ihe imethoxs meth] colon resides on ess 
zen, the CH. carbon bears more of the acne! positae harge. because 03 gen p more electroneg- 


Hive thai carbon. 
The hybrid character oF some molecules is sometimes conveyed in a single structure in 


whieh dashed lines are used to represent partial bonds. bor example. nitromethane can be rep- 
resented in this notation in either of the following ways: 


nm 


C) C} 

+” md 

[до — АМ! or ILE №. 
o È 


In the hybrid strueture on the lel. the focations of the shared negative charge are shown ex- 
plicitlyv wath partial charges. in the hybrid structure on the right the locations of the shared 
negative charge are not shown, Although the use of hybrid structures is sometimes convenient, 
it is difficult to apply electron-counting rules and the curved-arrow notation to them. To avoid 
confusion. we Il use conventional resonance structures in these situations. 

Another vers important aspect of resonance structures is that they have implications for the 
stability of the molecule thes represent. A несие represented by resanance structitres Ps 
more Mable dian is fictional resenance contribitters. For example. the actual molecule nt- 
tromeihiane is more stable than either ene of the Пепо molecules described by the contribut- 
Hie resonunee structures in Ex. 1.6. Nitromethane is thus satd to he a resenance-stabilized 
molecule, as is the methoxymethy! cation. 

How do we know when te use resonance suüetures, how to draw tiem. or how bo assess 
their relative importance? In Chapter 3. we Il learn a technique Tor deris ing resonance strug- 
tures. and in Chapter 15. well return Gt a more detailed studs of the other aspects of reso- 
nance. In the meantime, we IH draw resonance structures For you and tell you when thes re im- 
portant. Just try to remember the following ponts: 


і. Resonance structures are used For compounds that are not adequately deseribed by a sin- 
ele Lewis structure. 

2. Resonance structures are vez in equilibrium: that is, the compound thes desertbe is se 
one resonance surueture part of the Gime amd the other resonance structure part of the 
ume, but rather surefe structure, 
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3. The structure of a molecule is the weighted average of its resonance structures. When 
resonance structures are identical, they are equally important descriptions of the 
molecule. 

4. Resonance hybrids are more stable than any of the fictional structures used to describe 
them. Molecules described by resonance structures are said to be resonance-stabilized. 


PROBLEMS 
1.14 (a) Draw a resonance structure for the allyl anion that shows, along with the following struc- 


ture, that the two CH, carbons are equivalent and indistinguishable. 


[н,с=сн—@н, = = | 
ally! anion 
(b) According to the resonance structures, how much negative charge 15 on each of the CH, 


carbons? 
(c) Draw a single hybrid structure for the allyl anion that shows shared bonds as dashed lines 
and charges as partial charges. 
1.15 The compound benzene has only one type of carbon-carbon bond, and this bond has a length 
intermediate between that of a single bond and a double bond. Draw a resonance structure of 
benzene that, taken with the following structure, accounts for the carbon-carbon bond length. 


benzene 


WAVE NATURE OF THE ELECTRON 


You've learned that the covalent chemical bond can be viewed as the sharing of one or more 
electron pairs between two atoms. Although this simple model of the chemical bond is very 
useful, in some situations it is inadequate. A deeper insight into the nature of the chemical 
bond can be obtained from an area of science called quantum mechanics. Quantum mechan- 
ics deals in detail with, among other things. the behavior of electrons in atoms and molecules. 
Although the theory involves some sophisticated mathematics, we need not explore the math- 
ematical detail to appreciate some general conclusions of the theory. The starting point for 
quantum mechanics is the idea that small particles such as electrons also have the character 
Of waves. How did this idea evolve? 

Ав the twentieth century opened, it became clear that certain things about the behavior of 
electrons could not be explained by conventional theories. There seemed to be no doubt that 
the electron was a particle; after all. both its charge and mass had been measured. However, 
electrons could also be diffracted like light, and diffraction phenomena were associated with 
waves, not particles. The traditional views of the physical world treated particles and waves às 
unrelated phenomena. In the mid-1920s, this mode of thinking was changed by the advent of 
quantum mechanics. This theory holds that, in the submicroscopic world of the electron and 
other small particles, there is no real distinction between particles and waves. The behavior of 
small particles such as the electron can be described by the physics of waves. In other words, 
matter can be regarded as a wave-particle duality, 
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How does this wave-particle duality require us to alter our thinking about the electron? In 
our everyday lives, we're accustomed to a deterministe world, That is. the position of ans 
гнаг abject ean be measured precisely. and its velocity can be determined, for all practica 
purposes, to апу desired degree of accuracy, For example. we can point to a baseball resting on 
a table and state with confidence. “That ball is at rest (ts velocity is zero}, and il is located ex- 
actly | fool from the edge of the table" Nothing in our experience indicates that we couldn't 
make similar measurements for дл electron. The problem is that humans. chemisiry Books, and 
baseballs are of a certain scale. Eleetrons and other tiny objects are of a much smaller svale. A 
central principle of quantum mechanics, the Heisenberg uncertainty principle, telis us that 
fhe accuracy with whieh we can determine the position and velocity of a particle ix tiherently 
linited. For "large" objects, such as basketballs. organie chemistry lextbooks. and even mole- 
cules. the uncertainty in position is small relative to the size of the object and is inconsequen- 
паі. But for very small objects such as electrons. the uncertainty is significant, As a result, the 
postion ef an electron becomes "fuzzy" According to the Heisenberg uncertainty principle, we 
are limited to stating the probabili that an electron is occupying a certain region of space. 

In summary: 

|. Electrons have wavelike properties. 

2. The exact position. of an electron. cannot be specilied; only the probability. that. i 

accupies a certain region of space can be specilied. 


1.6 ELECTRONIC STRUCTURE OF THE HYDROGEN ATOM 


To understand the implications of quantum theory for covalent bonding. we must first under- 
stand what the theory says about the electronic structure of atoms. This section presenis the 
applicauons of quantum theory to the simplest atom, hydrogen, We deal with the hydrogen 
atom because a very detailed description of its electronie structure has been developed. and 
because this deseription has direct applicability to more complex atoms. 


A. Orbitals, Quantum Numbers, and Energy 


[n an earlier model of the hydrogen atom, the electron was thought to circle the nucleus in à 
well-defined orbit. much as the earth cireles the sun, Quantum theory replaced the orbit with the 
arbite!, which. despite the similar name. is something quite different. An atomic orbital is a 
deseription of the wave properties of an electron in an atom. We can think of an atomic orbital 
of hydrogen as an affowed stete—ÀAhat is. an allowed wave motione an electron in the hydro- 
een асот. 

Ап atomic orbital in physics is described by a mathematical function called а wavefunc- 
tion. As an analogy, you might describe a sine wave by the funetion ik = sin x. This is à sim- 
ple wavelunctian that covers one spatial dimension. Wavefunctions for an electron in an atom 
are conceptually similar. except that the wavefunctions cover three spatial dimensions, and the 
mathematical functions are different. 

Alany possible orbitals, or states. are available to the electron in the hydrogen atom. This 
means that the wave properties of the electron ean be described by апу one of several wave- 
functions. In the mathematics of "electron waves.” each orbital is described by three guan- 
tum numbers. Once asain. to use a simple analogy, consider the simple wave equation yi — 
sin ix. We set a different wave for cach different value of a. Ии were restricted to integral 
values. we could think of s as a quantum number for this type of wave. (See Problem 1.16, 
р. 29.1 Wavefunctions for the electron involve three quantum numbers. Although quantum 
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numbers have mathematical significance in the wave equations or the electron, for us they 
sene as ех. or designators, for the various orbitals, or wave motions, available to the elec- 
tron. These quantum numbers can hase ony certain values, and the values of seme quantum 
numbers depend on Ute values of others. 

The principal quantum number, abbresiated n. сап have ans integral value greater than 
тө он c La. 

The angular momentum quantum number, abbreviated №. depends on the value of 7. The 


! quantum number ean hase ans integral value from zero through # I. that ss, 7 — 0. ]. 
23.2... L болви еу are not confused with the principal quantum number, the values ol 


fare encoded as letters. Taf - 0 18 assigned the letter s; to / — 1. the letter pz tof — 2, the let 
ter d: and to = А, the letter} The values of fare summarizedan Table 1.2. It follows that there 
can be only one orbital. or wavefunction, with a = 1: this is the orbital with / 0 
bital. However. (wo values of Z that is. O and L ure allowed fora 2, Consequently. an eleg- 
tron in the hydrogen atom can exist in either a 2s or ai 2p orbital. 

The magnetic quantum number, abbres ated нг. is the third orbital quantum number. Hs 
values depend on the value of /. The nn quantum number can be zero as well às both positive and 
пена е Integers up to c/—1that is. 0. tl. ЕЛ... +A Thos, orf- Oian s orbitali. т, can 
anl be 0. For = |р orbital. i, can have the values 1. and + 1. Ini other wards. there is 
one à orbital with a given principal quantum number but (for i 19 there are three p orbitals 
with a given principal quantum number. one corresponding to each value of 2. Because of the 


a la or- 


multiple possibilities for апа m. the number of orbitals becomes inereasingh large as «i in- 
creases. This point is tliustrited in Table 1.2 up to 5 = 3. 

Just as an electron in the hydrogen atem ean exist onb 1n certain states, or orbtlals. it can 
also haye only certain allowed energies; Each orbital is associated with a characteristic eleg- 
iron energy, Гле energy op an cleciren in a Avdregen atem is determined hy the principal 
quannan number n of s erbital, This is one of the central ideas of quantum theory, The en- 
ergy of the electron is sand to be quantized or limited to certain values. This feature of the 
atomie electron is à direct consequence ol lis wave properties. An electron in the hydrogen 
atom resides in an orbital with s = Lia 1s orbital and remains in that state unless the atom ts 
subjected to the exact amount of energs (sas. from Па required te tnerease the energs ol the 


electron to a state with a higher a. say a 2: 
electron in state n — 
t 
———— }! 2 — l) = 
radiation with 
energia AJ 
AE — — 
& 
—M "=! — 37 | 


electron in state п = 1 


V ibat happens, the electron abserbs enerey and instantaneousls assumes the new. more engr- 
Belle, мае motion characteristic of the orbital with a = 2. (Such enerey-absorption experi- 
ments gave Ihe first clues to the quantized nature of the шот An analogy lo this may be Tamil- 
iar. Ш you have ever blown across the opening of a soda-pop boule cor à Hie, whieh is à more 
sophisticated example of the same thing) sou know that only a certain piteh сап be produced 
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| TABLE 1.2 Relationship Among the Three Orbital Quantum Numbers 


rt І т, п Ї т, rt l т, 
1 0 (Ts) 0 2 0 (25) 0 3 0 (3s) Ü 
1 (2p) =| T (3p) =] 

0 0 

+7 +1 

2 (3d) = 

-1 

ü 

t1 

+2 


by a bottle of a given size. If you blow harder, the pitch does not rise, but only becomes louder. 
However, if you blow hard enough, the sound suddenly jumps to a note of higher pitch. The 
pitch is quantized: only certain sound frequencies (pitches) are allowed. Such phenomena are 
observed because sound is a wave motion of the air in the bottle, and only certain pitches can 
exisl in a cavity of given dimensions without canceling themselves out. The progressively 
higher pitches you hear as you blow harder (called overrones of the lowest pitch) are analogous 
to the progressively higher energy states (orbitals) of the electron in the atom. Just as each over- 
tone in the bottle is described by a wavefunction with higher "quantum number.” each orbital 
of higher energy is described һу a wavefunction of higher principal quantum number л. 


Spatial Characteristics of Orbitals 


One of the most important aspects of atomic structure for organic chemistry ts that each or- 
bital is characterized by a three-dimensional region of space in which the electron is most 
likely to exist, That is, orbitals have spatial characteristics. The size of an orbital is governed 
mainly by its principal quantum number л: the larger л is, the greater the region of space oc- 
cupied by the corresponding orbital. The sfape of an orbital is governed by its angular mo- 
mentum quantum number 7. The directionality of an orbital is governed by its magnetic quan- 
tum number ә. These points are best illustrated by example. 

When an electron occupies a 15 orbital, it is most likely to be found in a sphere surrounding 
the atomic nucleus (Fig. 1.7. p. 26). We cannot say exactly where in that sphere the electron is by 
the uncertainty principle: locating the electron is a matter of probability. The mathematics of 
quantum theory indicates that the probability is about 90% that an electron in a 15 orbital will be 
found within a sphere of radius 1.4 A about the nucleus. This "90% probability level" is taken as 
the approximate size of an orbital. Thus, we can depict an electron in a 15 orbital as a smear ef 
electron density, most of which is within 1.4 A of the nucleus. 


Because orbitals are actually mathematical funetions of three spatial dimensions, it would take a 
fourth dimension to plot the value of the orbital (or the electron probability) at each point in space. 
(See Further Exploration 1.2 for an additional discussion of electron probability.) Because we are lirn- 
ited to three spatial dimensions. Fig. 1.7 and the other orbital pictures presented subsequently show 
each orbital as a geometric figure that encloses some fraction (in our case, 90%) of the electron prob- 
ability. The detailed quantitative distribution of electron probability within each figure is not shown. 


When an electron occupies a 2s orbital, it also lies in a sphere, but the sphere is consider- 
ably lareer—about three times the radius of the 1s orbital (Fig. 1.8, p. 26). A 3s orbital ts even 
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Figure 1.8 A2sorbital in a cutaway view, showing the positive (peak-containing) region of the electron wave in 
blue and the negative (trough-containing) region in green. This orbital can be described as two concentric 
spheres of electron density. A 2s orbital is considerably larger than a 15 orbital; most (90%) of the electron density 
of a 2s orbital lies within 3.9 A of the nucieus. 


larger still. The size of the orbital reflects the fact that the electron has greater energy; a more 
energetic electron can escape the attraction of the positive nucleus to a greater extent. 

The 25 orbital also illustrates a node, another very important spatial aspect of orbitals. You 
may be familiar with a simple wave motion, such as the wave in a vibrating string, or waves 
in a pool of water. If so. you know that waves have peaks and troughs, regions where the waves 
are at their maximum and minimum heights, respectively. As you know from trigonometry, a 
simple sine wave y = sin x has a positive sign at its peak and a negative sign at its trough 
(Fig. 1.9). Because the wave is continuous, it has to have a zero value somewhere in between 
the peak and the trough. A node is a point or, in a three-dimensional wave, a surface, at 
which the wave 1s zero. 
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Figure 1.9 An ordinary sine wave (a plot of i = sin x) showing peaks, troughs, and nodes. A peak occurs in the 
region in which W is positive, and a trough occurs in a region in which wis negative, The nodes are points at which 
уг = 0). 


As you сап see from Fig. 1.8 and the subsequent figures, the peaks and troughs are color- 
coded: peaks are blue and troughs are green. When the nodal properties of orbitals aren't im- 
portant for the discussion, the orbitals wil] be colored grey. 


Pav very careful attention to one point of potential confusion. The sign of the wavefunction Гог 
an electron is nort the same as the charge on the electron. Electrons always bear a negative charge. The 
sien ol the wavefunction refers to the sign of the mathematical expression that describes the wave. By 
convention, а wave peak (color-coded blue) has a positive (+) sign and a wave trough (color-coded 
green) has a negative (— ) sign. 


As shown in Fig. 1.8. the 2s orbital has one node. This node separates a wave peak near the 
nucleus from a wave trough further out. Because the 25 orbital ts a three-dimensional wave, its 
node is a surface. The nodal surface in the 25 orbital is an infinitely thin sphere. Thus. the 25 
orbital has the characteristics of two concentric balls of electron density. 

In the 2s orbital, the wave peak corresponds to a positive value in the 2s wavefunction, and 
the wave trough corresponds to a negative value. The node—the spherical shell of zero elec- 
tron density—lies between the peak and the trough. Some students ask, “H the electron can- 
not exist at the node, how does it cross the node?" The answer is that the electron is a wave, 
and the node is part of its wave motion, just as the node is part of the wave in a vibrating string. 
The electron is not analogous to the string: it 15 analogous to the wave in the string. 

We turn next to the 2p orbitals (Fig. 1.10, p. 28), which are especially important in organic 
chemistry. The 2p orbital illustrates how the / quantum number governs the shape of an or- 
bital. АЛ s orbitals are spheres. In contrast, all p orbitals have dumbbell shapes and are di- 
rected in space (that is, they lie along a particular axis). One lobe of the 2p orhital corresponds 
to a wave peak, and the other to a wave trough: the electron density, or probability of finding 
the electron, is identical in corresponding parts of each lobe. Note that the two lobes are parts 
of the same orbital. The node in the 2p orbital, which passes through the nucleus and separates 
the two lobes, is a plane. The size of the 2p orbital, like that of other orbitals. is governed by 
its principal quantum number; it extends about the same distance from the nucleus аз a 25 or- 
bital. 

Fig. 1.10b illustrates a drawing convention for 2p orbitals. Quite often the lobes of these or- 
bitals are drawn in a less rounded, “teardrop” shape. (This shape is derived from the square of 
the wavefunction, which ts proportional to the actual electron density.) This shape is useful be- 
cause it emphasizes the directionality of the 2p orbital. This convention is so commonly 
adopted that we'll often use it in this text. 
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Figure 1.10 la! A 25 orbital. Notice the planar node that separates the arhital into two lobes. Most (90%! of the 
electron density lies within 4,2 А of the nucleus. (b: A widely used drawing style for the representation of 2p or- 
bitals. icr The three 2p orbitals shown together Each orbital has a different value of the quantum number m. 


Recall (Table 1.2) that there are three 2p orbitals. one tor each allow ed value of the quant 
Lum number 75. The three 2р orbitals Ишки ше how the pij quantum number governs the direc 
попу ob orbitals. The axes along which each ol the 2p orbitals "points are mutually per- 
pendicular. Por this reason. the three 2р orbitals are sometimes differentiated with the labels 
2p 2р and 2p . The three 2p orbitals are shown superimposed im Fie. 1. Hc. 

Lets examine one more atomic orbital, the 3p orbital thig. Fd br First notice the greater 
size or this orbital which is à consequence al its greater principal quantum number. The 90 ¢ 
probabilis level tor tiis orbital is almost ТО А from the nucleus Next. notice the shape of the 
Ap arbital. I gs generally lobe-shaned. and t consists of four regions separated by nodes. The 
[wo inner regions resemble the lobes ofa 2р orbital The outer regions, however, ure laree and 
«Ние. and resemble mushroom caps. Finals, notice the number and the character of the 
nodes. A Ap orbital contaims two nodes, One node is a plane through the nucleus, much like 
the node af a 2p orbital. The other i$ a spherical node. shown in Fia. 1.1 1b. that separates the 
Inner part of each lobe from the larger outer part. Ан кВа with principal quantum number 
ahasa Ponndes, Because the Ар orbital has a А i has (3. 1 = 2 nodes. The greater 
number of nodes in orbitais with higher n is a reflection of their higher energies. Again, the 
analogy to sound waves Is striking: overtones of higher piteh have larger numbers of nodes. 


Summary: Atomic Orbitals of Hydrogen 
Here are the important points about orbitals im the hydrogen atom: 


|. ^n orbital is an allowed state for the electron. Bis a deseription ot the wave motion of 
the electron. The mathematical description of an orbital is called a етс, 
2. Electron density within an orbital is à matter af probability. by the Hetsenbere unger- 
unity principle. We can think of an orbital as а "smear of electron density. 
. Orbitals are described bx three quantum numbers: 
a. The principal quantum number a governs the energe ol an orbital; orbitals of higher 
n hase higher energy. 
hb. The angular momentum quantum number / governs the shape of an orbital. Orbitals 
with? - Otccorbitalsr are spheres: orbitals with Р Tap orhitabs? hase lobes orientei 
MOVED urn NIN, 
c. The magnetic quantum number n, governos the orientation of an orbital 


T 
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Figure 1.11 (a) Perspective representation of a 3p orbital; only the planar node is shown. There are three such 
orbitals, and they are mutually perpendicular. Notice that a 3p orbital is much larger than a 2p orbital in Fig 1.10. 
Most (9096) of the electron density lies within 9.75 А of the nucleus; about 60% of the electron density lies in the 
large outer lobes. (b) Schematic planar representation of a 3p orbital showing both the planar and the spherical 
nodes. 


4. Orbitals with n > | contain nodes, which are surfaces of zero electron density. The 
nodes separate peaks of electron density from troughs, or, equivalently. regions in which 
the wavefunction describing an orbital has opposite sign. Orbitals with principal quan- 
tum number #7 have n — | nodes. 

5. Orbital size increases with increasing n. 


PROBLEMS | . s : 
| L16 Sketch a plot of the wavefunction iy = sin nx for the domain 0 Sx € 7 for n = 1, 2, and 3. 
What is the relationship between the "quantum number" л and the number of nodes in the 


wavefunction? 
1.17 Use the trends in orbital shapes you've just learned to describe the general features of 
(a) a 3s orbital (b) a4s orbital , 


ELECTRONIC STRUCTURES OF MORE COMPLEX ATOMS 


The orbitals available to electrons in atoms with atomic number greater than ] are, to a useful 
approximation, essentially like those of the hydrogen atom. This similarity includes the 
shapes and nodal properties of the orbitals. There is. however, one important difference: In 
atoms other than hydrogen. electrons with the same principal quantum number л but with dif- 
ferent values of / have different energies. For example, carbon and oxygen, like hydrogen, 
have 2s and 2p orbitals, but, unlike hydrogen. electrons in these orbitals differ in energy. The 
ordering of energy levels for atoms with more than one electron ts illustrated schematically in 
Fig. 1.12. p. 30. As this figure shows, the gaps between energy levels become progressively 
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Figure 1.12 The relative energies of different orbitals illustrated for the first three principal quantum numbers 
of the carbon atom. The 1s orbital energy on this scale is almost five page lengths below the 2s energy! The en- 
ergy separations differ for different atoms. The 45 orbital, not shown, has about the same energy as the 3d orbital, 
and the 4s energy drops below the 3d energy for atoms of higher atomic number. 


smaller as the principal quantum number increases. Furthermore, the energy gap between or- 
bitals that differ in principal quantum number is greater than the gap between two orbitals 
within the same principal quantum level. Thus, the difference in energy between 25 and 3s or- 
hitals is greater than the difference in energy between 3s and 3p orbitals. 

Atoms beyond hydrogen have more than one electron. Let's now consider the electronic 
configurations of these atoms—that is, the way their electrons are distributed among their 
atomic orbitals. To describe electronic configurations we need to introduce the concept of 
electron spin, which is a magnetic property of the electron. An electron can have only two 
values of spin. sometimes described as "up" and "down." Spin is characterized by a fourth 
quantum number m. which, in quantum theory, can have the values +5 ("up") and — 
down”). Four quantum numbers, then, are associated with any electron in an atom: the three 
orbital quantum numbers л, 7. and ny, and the spin quantum number т. 

The aufbau principle (German, meaning "buildup principle") tells us how to determine 
electronic configurations, According to this principle. electrons are placed one by one into or- 
bitals of the lowest possible energy in a manner consistent with the Pauls exclusion principle 
and Hund's rules. The Pauli exclusion principie states that no two electrons may have all four 
quantum numbers the same. As a consequence of this principle, a maximum of two electrons 
may be placed in any one orbital, and these electrons must have different spins. To illustrate, 
consider the electronic configuration of the helium atom. which contains two electrons. Both 
electrons can be placed into the 15 orbital as long as they have differing spin. Consequently, 
we can write the electronic configuration of helium as follows: 


helium, He: (Ls 
This notation means that helium has two electrons of differing spin in a Is orbital. 
To illustrate Hund's rules, consider the electronic configuration of carbon, obviously a very 


important element in organic chemistry. A carbon atom has six electrons. The first two elec- 
trons (with opposite spins) go into the 15 orbitai: the next two (also with opposite spins) go into 


Study Problem 1.4 


1.7 ELECTRONIC STRUCTURES ОР MORE COMPLEX ATOMS 31 


the 2s orbital. Hund's rules tell us how to distribute the remaining two electrons among the 
three equivalent 2p orbitals. Hund's rules state, first, that to distribute electrons among identi- 
cal orbitals of equal energy. single electrons are placed into separate orbitals before the orbitals 
are filled: and second, that the spins of these unpaired electrons are the same. Representing 
electrons as arrows, and letting their relative directions correspond to their relative spins, we 
can show the electronic configuration of carbon as follows: 


Aer Eae Ei 
valence 
electrons 
Is pil. 
carbon, C: (1s}*(2s)*(2p,)'(2p,}! 
ls = 


in accordance with Hund's rules, the electrons in the carbon 2p orbitals are unpaired with 
identical spin. Placing two electrons in different 2p orbitals ensures that repulsions between 
electrons are minimized, because electrons in different 2р orbitals occupy different regions of 
space. (Recall from Fig. 1.10c that the three 2p orbitals are mutually perpendicular.) As shown 
above, we can also write the electronic configuration of carbon more concisely as 
(1sY (2s (2p) (2p,)', which shows the two 2p electrons in different orbitals. (The choice of x 
and у as subscripts is arbitrary; 2p, and 2p., or other combinations, are equally valid: the im- 
portant point about this notation is that the two half-populated 2p orbitals are different.) 

Let's now re-define the term valence electrons. first defined in Sec. 1.2A, in light of what 
we ve learned about quantum theory. The valence electrons of an atom are the electrons that 
occupy the orbitals with the highest principal quantum number. (Note carefully that this defin- 
ition applies олу to elements in the "A" groups—that is, the nontransition groups—of the pe- 
riodic table.) For example, the 2s and 2p electrons of carbon are its valence electrons. A neutral 
carbon atom, therefore, has four valence electrons. The valence orbitals of an atom are the or- 
bitals that contain the valence electrons. Thus, the 2s and 2p orbitals are the valence orhitals of 
carbon. It is important to be able to identify the valence electrons of common atoms because 
chemical interactions between atoms involve their valence electrons and valence orbitals. 


Describe the electronic configuration of the sulfur atom, Identify the valence electrons and valence 
orbitals. 


Solution Because sulfur has an atomic number of 16. a neutral sulfur atom has 16 electrons. 
Following the aufbau principle, the first two electrons occupy the 1s orbital with opposite spins. 
The next two, again with opposite spins, occupy the 2s orbital. The next six occupy the three 2p 
orbitals, with each 2р orhital containing two electrons of opposite spin. The next two electrons go 
into the 3s orbital with paired spins. The remaining four electrons are distributed among the three 
3p orbitals. Taking Hund's rules into account. the first three of these electrons are placed, un- 
paired and with identical spin, into the three equivalent 3p orbitals: 3p,. 3p,, and 3p.. The one re- 
maining electron is then placed, with opposite spin, into the 3p, orbital. To summarize: 
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p EINE == ——- valence 
3s | electrons 
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sulfur, 5: (15) (25 (2p)^(D3s) (3p, (G3 p,J (3р, 


As shown in the diagram, the 3s and 3p electrons are the valence electrons of sulfur; the 3s and 3p 
orbitals are the valence orbitals. 


PROBLEM | ] ' А | , ъч 
1.18 Give the electronic conhgurations of each of the following atoms and ions. Identify the 


valence electrons and valence orbitals in each. 
(a) oxygen atom (b) chloride ion, Cl^ (с) potassium ion, КЎ (9) sodium atom 


ANOTHER LOOK AT THE COVALENT BOND: 


MOLECULAR ORBITALS 


A. Molecular Orbital Theory 


Step 1. 


Step 2. 


One way to think about chemical bonding is to assume that a bond consists of two electrons 
localized between two specific atoms. This is the simplest view of a Lewis electron-pair bond, 
As useful as this picture is, it is sometimes too restrictive. When atoms combine into a mole- 
cule, the electrons contributed to the chemical bonds by each atom are no longer localized on 
individual atoms but "belong" to the entire molecule. Consequently. atomic orbitals are no 
longer appropriate descriptions for the state of electrons in molecules. Instead, molecular or- 
bitals, nicknamed MQs,.which are orbitals for the entire molecule, are used. 

Determining the electronic conhguration of a molecule is a lot like determining the elec- 
tronic configuration of an atom, except that molecular orbitals are used instead of atomic or- 
bitals. The following four steps summarize conceptually how we start with two isolated hy- 
drogen atoms and end up with the electronic configuration of the dihydrogen molecule, Ha. 


Start with the isolated atoms of the molecule and bring them together to the positions 
that they have in the molecule. Their valence atomic orhitals will overlap. 

For H,, this means bringing the two hydrogen atoms together until the nuclei are separated by 
the length of the H—H bond (Fig. 1.13a). At this distance, the 15 orbitals of the atoms overlap. 


Allow the overlapping valence atomic orbitals to interact to form molecular orbitals (MOs). 
This step implies that MOs of H, are derived by combining the ls atomic orbitals of the two 
hydrogen atoms in a certain way. Conceptually. this is reasonable: molecules result from a 
combination of atoms, so molecular orbitals result from a combination of atomic orbitals. 
We'll shortly learn the process for combining atomic orbitals to form molecular orbitals. 


ls orbitals [o trough 


/ 


| a 
| \ 
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Step 3. 


Step 4. 
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Figure 1.13 Formation of H, molecular orbitals. (a) Two hydrogen atoms are brought to the H—H bonding dis- 
tance so that the 1s orbitals overlap. Interaction of these atomic orbitals forms the molecular orbitals. (b) To form 
the bonding MO of H,, add the1s orbital wavefunctions of the interacting hydrogen atoms. (c) To form the anti- 
bonding MO of H., subtract the1s orbital wavefunctions by changing опе peak to a trough and then adding. This 
process results in a node in the antibonding MO. r 


Arrange the MOs in order of increasing energy. 
steps | and 2 will yield two MOs for H, that differ in energy. We'll also learn how to deter- 
mine relative energies of these MOs. 


Determine the electronic configuration of the molecule by redistributing the electrons 
from the constituent atoms into the MOs in order of increasing MO energy: the Pauli 
principle and Hund’s rules are used. 

We redistribute the two electrons (one from each starting hydrogen atom) into the MOs of H, 
to give the electronic configuration of the molecule. 


How to carry out steps 2 and 3 is the key to understanding the formation of malecular or- 
bitals. Quantum theory gives us a few simple rules that allow us to derive the essential features 
of molecular orbitals without any calculations. We'll state these rules as they apply to H, and 
other cases involving the overlap of two atomic orbitals. (These rules will require only slight 
modification for more complex cases.) 
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Rules for farming meleculur orbitals: 


|. 


The combination ef hvo atomie orbitals gives two molecular orbitals, 

For H, this rule means that the overlap of two 1: orbitals from the constituent Ryro- 
gen atoms gives two molecular orbitals. Later. weil have situations in which we vom- 
hine more than two atomic orhitals. When we combine р atomie orbitals. we always ob- 
tain f molecular orbitals. 


One molecular orbitul is derived by the ecdition of tie wo atomic orbitals in the region 
of overíap, 

To apply this to H.. remember that the Js orbital is a wave peak. When we add two 
wave peaks. they reinforce, When we add two is orbitals in the overlap region. they re- 
Inforce to form a continuous orbital that includes the region between the two nuclei (Fig. 
1.136). This molecular orbital is called a bonding molecular orbital, or bonding МО, 
The reason for Ihe name is that, when electrons occupy this MO. they are attracted ie both 
nuclei simultaneously. In other words, the electrons occupy not only the region around 
the nuclei but also {Ле region between tie nuclei thus providing "electron cement" thal 
holds the nuclei together. just as mortar between two bricks holds the bricks together. 


| The other inoleculur orbital iy derived by sibtraction of the two опис orbitals in tite 


recen of overlap. 

To subtract the two Ly orbitals. we change one of the [s orbitals from a peak to à 
trough, (This is equivalent to changing the mathematical sign of ihe Ex wavefunction.) 
Then we add the two resulting orbitals. This process ts illustrated in Fig. 1.13. Adding 
à wave peak to a wave trough results in cancellation of the two waves m the region of 
overlap and formation of a node—a region in which the wave is zero. [n this case. the 
node is а plane. The resulting orbital is called an antibonding molecular orbital or an- 
tibonding MO. Electrons that occupy this MO decrease bonding because the region be- 
есп the nuclei contains no electron density, 


The two molecular orbitals have different energies. Orbitul energy increases with the 


mmber of nodes, The bonding MO fus а lower energy than the isolated fy orbitais uid 
the antibonding MO has a figher energy than the isolated fy orbitals. 

The orbital energies are summarized in an orbital interaction diagram, shown in 
lig. 1.14. This diagram is a plot of orbital energy versus the position of the two interact- 
ing nuciei The isolated atomic orbitals and their energies are shown on the left and right 
sides of the diagram, and the molecular orbitals and their energies are shown in the gen- 
ter. where the separation of the atoms corresponds to the bond length. The лале of 
nedes tells us the relative energies of the MO: the more nodes an MO has, the higher is 
it» energy. The bonding MO has no nodes and therefore has the lower energy. The anti- 
bonding MO has one node and has the higher energy. Notice that the energies of the two 
MOs "spread" about the enerey of the isolated 13 orbitals the energy of the bonding 
MO is lowered by a certain amount and the energy of the antibonding MO 15 raised by 
the same amount. 


Now that we've described how to form the MOs and rank their energies, we're ready to 


populate these MOs with electrons. We apply the aufbau principle. We have two electrons 
one from cach hydrogen atom—to redistribute. Both can be placed in the bonding MO with 
opposite spins. Electron oceupaney of the bonding MO 1s also shown in Pig. 1.14. 

When we talk about the energy of un orbital, what we are really talking about is the energy 


of an electron that occupies the orbital. B follows. then. that the electrons in the bonding МО 
have lower energy than bo electrons m their parent Es orbitals. In other words, chemical Pored- 
Dig Ps an energetically fuvorable process. Each electron in the bonding MO of T contributes 
about half to the stability of the H—H bond. [Ir takes about 435 KJ (104 keal) to dissociate а 
mole of H, into hydrogen atoms, or about 218 KJ (52 keal) per bonding electron. This a lot of 
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Figure 1.14 Ап orbital interaction diagram for the formation of the H, molecular orbitals from interacting 1s or- 
bitals of two hydrogen atoms. The dashed lines show schematically how the two 15 orbitals interact as the inter- 
nuclear distance changes from very large [© x) to the H—H bond length. The bonding MO has lower energy than 
the 1s arbitals and the antibonding MO has higher energy. Both electrons occupy the bonding MO. 


energy on a chemical scale more than enough to raise the temperature of a kilogram of water 
Irom freezing lo boiling. 

According to the picture just developed, the chemical bond in a hydrogen molecule results 
[rom the occupancy of à bonding molecular orbital by two electrons, You may wonder why we 
coneern ourselves with the antibonding molecular orbital i£ it is nor occupied. The reason is 
Chat tt can be occupied! [f a third electron were introduced 1o the hydrogen molecule, then 
the antibonding molecular orbital would be occupied. The resulting three-clectron species 15 
the hydrogen molecule anion. Ну (see Prob, 1.19%. p. 361, НУ exists because each electron in 
the bonding molecular orbital of the hydrogen molecule contributes equally to the stability ot 
the molecule, The third electron in H7. the one in the antibonding molecular orbital, has a high 
energy that offsets the stabilization atforded by. ave of the bonding electrons. However, the 
stabilization due to the second bonding electron remains, Thus. НУ ts a stable spectes, but only 
about half as stable as the hydrogen molecule. [n terms of our brick-and-mortar analogs. it 
electrons in a bending MO bind the Owe nuclei together as mortar binds bwo bricks. then elec- 
ons in an antibonding MO act as "anti-mortar : not only do they пен bind the two nuclei to- 
gether. bul they oppose the binding elfect of the bonding electrons. The importance of the an- 
Ubonding MO is particularly evident when we attempt to construct diatomic helium, He; ах 
shown tn Study Problem 1.5. 
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Study Problem 1.5 С | - 
Use molecular orbital theory to explain why He, does not exist. The molecular orbitals of He, are 
formed in the same way as those of H. d 


Solution The orbital interaction diagram for the MOs of He, is conceptually the same as for H, 
(Fig. 1.14). However. He, contains four electrons—two from each He atom. According to the auf- 
bau principle. two electrons are placed into the honding MO, but the other two must occupy the 
antibonding MO. Any stability contributed by the bonding electrons is offset by the instability 
contributed by the antibonding electrons. Hence. formation of He, has no energetic advantage. As 
a result, Не is monatomic. 


Molecular orbitals, like atomic orbitals, have shapes that correspond to regions of signifi- 
cant electron density. Consider the shape of the bonding molecular orbital of H,, shown m 
both Figs 1.13Ь and !.14. In this molecular orbital the electrons occupy an ellipsoidal region 
of space. No matter how we turn the hydrogen molecule about a line joining the two nuclei, its 
electron density looks the same. This is another way of saying that the bond in the hydrogen 
molecule has айса! жүнү. Other уннын symmetrical objects are shown in 
Fig. 1. 15. 3ond: ne electron densily 1s c Ficall y symmetrical about the internu- 
SARE AIS AEG CA, eds sd sigm: ia bonds (abbreviated c bonds). The bond in the hydrogen molecule 
| 1e lower-case Greek letter sigma was sica to describe the bonding mol- 
еса orbital of hydrogen because 11 is the Greek letter equivalent of s, the letter used to ile- 
scribe the atomic orbital of lowest energy. 


4 


PROBLEMS ба : ; m | à ; 
| PROBLEMS | 1.19 Draw an orbital interaction diagram corresponding to Fig. 1.14 for each of the following 


species. Indicate which are likely to exist as diatomic species, and which would dissociate 
into monatomic fragments. Explain. 
(а) the Het ion (b)the Hy ion (е) Li, (d)the Hi ion (е) ће НУ ion 

1.20 The bond dissociation energy of H, is 435 kJ mol"! (104 kcal то] !): that is, it takes this 
amount of energy to dissociate H, into its atoms. Estimate the bond dissociation energy of Н> 
and explain your answer. 


B. Molecular Orbital Theory and the Lewis Structure of H, 


Let’s now relate the quantum-mechanical description of H, to the concept of the Lewis elec- 
tron-pair bond. In the Lewis structure of H., the bond is represented by an electron pair shared 
between the two nuclei. In the quantum-mechanical description, the bond is the result of the 
presence of two electrons in a bonding molecular orbita] and the resulting electron density be- 
tween the two nuclei. Both electrons are attracted to each nucleus, and these electrons thus 
serve as the "cement" that holds the nuclei together. Thus, for Ha, the Lewis electron-pair 
bond is equivalent to the quantum-mechanical idea of a bonding molecular orbital occupied 
bv a pair of electrons. The Lewis picture places the electrons squarely between the nuclei. 
Quantum theory says that, although the electrons have a high probability of being between the 
bound nuclei, they can also occupy other regions of space. 

Molecular orbital theory shows, however. that a chemical bond need not be an electron 
pair. For example, H7 (the hydrogen molecule cation, which we might represent in the Lewis 
sense as H*H) is a stahle species in the gas phase (see Prob. 1.19e). It is not so stable as the 
hydrogen molecule itself because the ion has only one electron in the bonding molecular or- 
bital. rather than the two found in a neutral hydrogen molecule. The hydrogen molecule anion. 
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= bonding molecular orbital 
of the hydrogen molecule 


a goblet 
1 ^ ^ 
a barrel ын. 


Figure 1.15 Some cylindrically symmetrical objects. Objects are cylindrically symmetrical when they appear the 
same no matter how they are rotated about their cylindrical axis (black line]. 


H;. discussed in the previous section, might be considered to have a three-electron bond con- 
sisting of two bonding electrons and one antibonding electron. The electron in the antibond- 
ing orbital is also shared by the two nuclei. but shared in a way that reduces the energetic ad- 
vantage of bonding. (НУ is not so stable as H5; Sec. 1.8A.) This example demonstrates that the 
sharing of electrons between nuclei in some cases does not contribute to bonding. Neverthe- 
less, the most stable arrangement of electrons in the dihydrogen molecular orbitals occurs 
when the bonding MO contains two electrons and the antibonding MO is empty—in other 
words, when there 1s an electron-pair bond. | 


HYBRID ORBITALS 


A. Bonding in Methane 


We ultimately want to describe the chemical bonding in organic compounds, and our first step 
in this direction is to understand the bonding in methane, CH,. Before quantum theory was ap- 
plied to the bonding problem, it was known experimentally that the hydrogens in methane, and 
thus the bonds to these hydrogens, were oriented tetrahedrally about the central carbon. The 
valence orbitals in a carbon atom. however, are nor directed tetrahedrally. The 2s orbital. as 
you've learned. is spherically symmetrical (see Fig. 1.3), and the 2p orbitals are perpendicular 
(see Fig. 1.10). If the valence orbitals of carbon aren't directed tetrahedrally, why is methane 
a tetrahedral molecule? 

The modern solution to this problem 15 to apply molecular orbital theory. You can't do this 
with just the simple rules that we applied to H5. but it can be done. The result is that the com- 
bination of one carbon 25 and three carbon 2p orbitals with four tetrahedrally placed hydrogen 
ls orbitals gives four bonding MOs and four antibonding MOs. (The combination of eight 
atomic orbitals give eight molecular orbitals: rule 1, p. 34, with у = 8.) Eight electrons (four 
from carbon and one from each of the four hydrogens) are just sufficient to fill the four bond- 
ing MOs with electron pairs. This molecular orbital description of methane accounts accu- 
rately for its electronic properties. 

The conceptual difficulty with the molecular orbital description of methane i5 that we can't 
associate à given pair of electrons in the molecule with any one bond. Instead, the electrons 
Irom all of the atoms are redistributed throughout the entire molecule. We can't even tell 
where atoms begin or end! If we add up all of the contributions of the electrons in the four 
bonding МО» of methane. we obtain a picture of the total electron density that is, the prob- 
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ability of finding electrons in the methane molecule. (The electrostatic potential maps, or 
EPMs, introduced in Sec. 1.2D, are superimposed on such pictures of total electron density.) 


dihydrogen 
methane methane total electron density 
total electron density total electron densitv with imbedded model 


with imbedded model 


[n this picture of total electron density, methane looks like an "electron pudding" containing 
the nuclei. Although this electron density has a tetrahedral shape, there are no discrete C—H 
bonds. In contrast, because H, has only one bond, we can associate the total electron density 
in H, with the H —H bond, as shown in the previous section. 

Historically, chemists have liked to think that molecules are made up of atoms connected 
by individual bonds. We like to huild models, hold them in our hands, and manipulate chemi- 
cal bonds by plucking off certain atoms and replacing them by others. Adthough the molecu- 
lar orbital description of methane certainly describes bonding, it suggests that the discrete 
chemical bond between individual atoms is something rationally conceivable but not rigor- 
ously definable (except perhaps for simple molecules like H,). Nevertheless. the concept of 
the chemical bond is so useful in organic chemistry that we can't ignore it! The problem, then. 
is this: 15 there an electronic theory of bonding in methane that allows us to retain the notion 
of discrete C—H bonds? 


To use a bonding theory that we know isn't quite right may seem inappropriate, but science works this 
way. A theory is а framework for unifying a body of knowledge in such a way thal we can use it to 
make useful predictions. An example you're probably familiar with is the ideal gas law, PV = ЛАТ. 
Most real gases don’t follow this law exactly, but it can be used to make some useful predictions. For 
example. if you're wondering what will happen to the pressure in vour automobile tires when the 
temperature drops in winter. this law gives a perfectly useful answer: the pressure drops. If vou're in- 
terested in calculatine exactly how much the pressure will drop per degree, you might need а more 
exact theory. We Il find it necessary to use molecular orbital theory to explain certain phenomena, but 
in many cases we can get by with a simpler but less accurate theory that is attractive because it allows 
us to think in terms of discrete chemical bonds. 


An electronic description of bonding in methane that retains the C—H bonds was devel- 
oped in [928 by Linus Pauling (190]—1994), a chemist at the California Institute of Technol- 
ogy who won the 1954 Nobel Prize in Chemistry for his work on chemical bonding. Pauling's 
theory started with the premise that the valence orbitals of the carbon in methane are different 
from the orbitals in atomic carbon. However, the orbitals of carbon in methane can be derived 
simply from these of atomic carbon. For carbon in methane, we imagine that the 25 orbital and 
the three 2p orbitals are mixed to give four new equivalent orbitals, each with a character in- 
termediate between pure s and pure p. [t's as if we mixed a blue dog and three yellow cats and 
ended up with four identical yellowish-green animals, each of which ts three-fourths cat and 
one-fourth dog, This mixing process applied to orbitals is called hybridization, and the new 
orbitals are called hybrid orbitals. More specifically, hybrid orbitals result from the mixing 
of atomic orbitals with different / quantum numbers. Because each of the new hybrid carbon 
orbitals is one part s and three parts р, it is called an sp? orbital (pronounced "s-p-three;" not 
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"s p-eubed" j. The six carbon electrons im this orbital picture are distributed between one [3 or- 
bital und four equivalent app hybrid orbitals in quantum level 2. This mental transformation 
сап be summartzed as follows: 


\ | "TY PLE | 

mix Js and 2p on sp’) | | | | hybrid 
orbitals ме, orbitals 
)s „44 | 
unaffected ba 
' hvbridization | 
——— — — e | < Li 
antiybridized carbon hybridized carbon 


lasin methane! 


This orbital mixing can be done mathematically, and m yields the perspective drawing of an 
qr. hybrid orbital shown in Fig. 1.1ба оп p. 40. A simpler representation used in most texts is 
shown in Fig. 1.16b. As you can see from these pictures, an sp orbital consists of two lobes 
separated by a node. much Bike a 2p orbital. However, one of the lobes is very small. and the 
other is very large. In other words. the electron density in ип хр hybrid orbital ix highly di- 
кестей in space. This directional character is Weal for bond formation along the axis of the 
large Jobe. 

The number of hybrid orbitals (four in this cased is the same as the number of orbitals that 
are mixed to obtain them. (One s orbital + three p orbital = four sp? orbitals.) H turns out that 
the laree lobes ot the four carbon sp^ orbitals are directed to the corners of regular tetrahedron, 
as shown in Figure ].I6c. [In hybridization theory. each. of the four electron-pair bonds in 
methane results [rom the overlap of a hydrogen Ly orbital contaming one electron with a car- 
bon «p^ orbital. also containing a single electron. The resulting bond is a e bond. 


carbon nucleus hydrogen nucleus 


| е ! overlap 
е; —t = = 
hydrogen bs orbital 


carbon sp! hybrid orbital p 
pe i LOPER 
containing one electron PN 
à any electron 


overlapping 4£—1! 
spè and. | orbitals electron-pair bond 
ia rr band? 


This overlap looks a lot like the overlap of two atomic orbitals that we varried out in construct- 
ing the onolecilar orbitals of M However. the hybrid orbital treatment is not a molecular vr- 
bital treatment because it deals with each bond in isolation. The hybrid orbital bonding picture 
l'or methane ts shown in Fig. 1.16d. 

The hybridization of carbon uself actually costs energy. их weren't so, carbon atoms 
would exist in а hybridized configuration.) Remember, though, that this is a model for carbon 
in methane, Hybridization allows carbon to form four bonds to hydrogen that are much 
stronger than the bonds that would be formed without hybridization, and the strength of these 
bonds more than olfsets the energy required for hybridization: Whs does hy bridization make 
these bonds stronger? First. the bonds are as Far apart as possible. and repulsion between elec- 
tron pairs in the bonds is therefore minimized. The pure s and p orbitals available on nonhy- 
bridized carbon. in contrast, are not directed tetrahedrally. Second. in each hybridized orbital, 
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Figure 1.16 (a) Perspective representation of a carbon sp’ hybrid orbital, (b) A more common representation of 
an sp? orbital used in drawings. (c) The four sp? orbitals of carbon shown together, (d) An orbital picture of tetrahe- 
dral methane showing the four equivalent сг bonds formed from the overlap of carbon sp? and hydrogen 1s or- 
bitals. The rear lobes of the orbitals shown in (c) are omitted in (d) for clarity. 


the bulk of the electron density is directed toward the bound hydrogen. This directional char- 
acter provides more electron "cement" between the carbon und hydrogen nuclei. and this re- 
sults in stronger (that is, more stable) bonds. 


Bonding in Ammonia 


The hybrid orbital picture is readily extended to compounds containing unshared electron 
pairs, such as ammonia, МН. The valence orbitals of nitrogen in ammonia are. like the car- 
bon in methane. hybridized to yield four sp? hybrid orbitals: however, unlike the correspond- 
ing carbon orbitals, one of these hybrid orbitals is fully occupied with a pair of electrons. 


unshared electron pair 


| ex me Y | | ; 
ар ! - -- | mix 2s and 2p 21 sp?) | | | = Ж. hybrid 
i ont 


orbitals | orbitals 
Ve | | 
unaltected by 
{ hvbridization s 
E —e— m— e —H- 
unhvbridized nitrogen hybridized nitrogen 


(as i1 ammonia! 


Each of the хр" orbitals on nitrogen containing one electron can overlap with the 15 orbital 
of a hydrogen atom, also containing one electron, to give one of the three N—H « bonds of 
ammonia. The electrons in the filled sp? orbital on nitrogen become the unshared electron pair 
in ammonia. The unshared pair and the three N—H bonds, because they are made up of sp? 
hybrid orbitals. are directed to the corners of a regular tetrahedron (Fig. 1.17). The advantage 
of orbital hybridization in ammonia is the same as in carbon: hybridization accommodates the 
maximum separation of the unshared pair and the three hydrogens and, at the same time. pro- 
vides strong. directed N—H bonds. 

You may recall from Sec. 1.3B that the H—N —H bond angle in ammonia is 107.3, a lit- 
ile smaller than tetrahedral (109.57). Our hybrid-orbital picture can accommodate this struc- 
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Lewis structure orbital picture 


Figure 1.17 The hybrid orbital description of ammonia, :NH,. As in Fig. 1.15, the small rear lobes of the hybrid or- 
bitals are omitted for clarity. 


ural refinement as well. Unshared electron pairs prefer s orbitals. because s orbitals have 
lower energy than p orhitals. Or. to look at it another way, there's no energetic advantage to 
putting an unshared pair in a spatially directed orbital if it's not going to be involved in a 
chemical bond. But if the unshared pair were left in an unhybridized 2s orbital. each bond to 
hydrogen would have to be derived from a pure nitrogen 2p orhital. In such a bond, half of the 
electron density ("electron cement") would be directed away from the hydrogen, and the bond 
would be weak. In such a case. the H—N—H bond angle would be 90°, the same as the angle 
between the 2p orbitals used to form the bonds, The actual geometry of ammonia is a compro- 
mise between the preference of unshared pairs for orbitals of high s character and the prefer- 
ence of bonds for hybrid character. The orbital containing the unshared pair has a little more s 
character than the bonding orbitals. Because s orbitals cover an entire sphere (see Fig. 1.8, p. 
26). orbitals with more s character occupy more space. Hence, unshared pairs have a greater 
spatial requirement than bonds. Hence, the angle between the unshared pair and each of the 
N —H bonds is somewhat greater than tetrahedral, and the bond angles between the N—H 
bonds, as a consequence, are somewhat /ess than tetrahedral. This is the same conclusion we 
obtained from the application of VSEPR theory to ammonia (р. 18). 

A connection exists between the hybridization of an atom and the arrangement in space of 
the bonds around that atom. Atoms surrounded by four groups (including unshared pairs) in a 
tetrahedral arrangement are sp^-hybridized. The converse is also true: sp^-hybridized atoms al- 
ways have tetrahedral bonding geometry. A trigonal planar bonding arrangement is associated 
with a different hybridization, and а linear bonding arrangement with yet a third type of hy- 
bridization. (These types of hybridization are discussed in Chapters 4 and 14.) In other words, 
hybridization and molecular geometry are closely correlated. 

The hybridization picture of covalent bonding also drives home one of the most important 
differences between the ionic and covalent bond: the covalent bond has a definite direction in 
space, whereas the ionic bond 1s the same in all directions. The directionality of covalent 
bonding is responsible for molecular shape: and. as we shall see, molecular shape has some 
very important chemical consequences. 


| 1.21 (a) Construct a hybrid orbital picture for the water molecule using oxygen sp? hybrid orbitals. 
(b) Predict any departures from tetrahedral geometry that you might expect from the presence 
of two unshared electron pairs. Explain your answer. 
1.22 (a) Construct a hybrid orbital picture for the hydronium ion (H,O*) using oxygen sp? hybrid 
orbitals. 
(b) How would you expect the H—O-——H bond angles in hydronium ion to compare with 
those in water (larger or smaller)? Explain. 
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KEY IDEAS IN CHAPTER 1 


Chemical compounds can contain two types of 
bonds: ionic and covalent. In ionic compounds, ions 
are held together by electrostatic attraction (the at- 
traction of opposite charges).In covalent compounds, 
atoms are held together by the sharing of electrons. 


Both the formation of ions and bonding in covalent 
compounds tend to follow the octet rule: Each atom is 
surrounded by eight valence electrons (two electrons 
for hydrogen). 


The formal-charge convention assigns charges within 
a given species to its constituent atoms. The calcula- 
tion of formal charge is given in Study Problem 1.1. 
Formal charge is a bookkeeping device.In some cases 
the actual charge on an atom and the formal charge 
do not correspond. 


In covalent compounds, electrons are shared un- 
equally between bonded atoms with different elec- 
tronegativities. This unequal sharing results in a bond 
dipole moment. The dipole moment of a molecule is 
the vector sum of its individual bond dipole mo- 
ments. The local charge distribution in a molecule can 
be described graphically with an electrostatic poten- 
tial map (EPM). 


The structure of a molecule is determined by its con- 
nectivity and its geometry. The molecular geometry 
of a molecule is determined by its bond lengths, bond 
angles, and dihedral angles. Bond lengths are gov- 
erned, in decreasing order of importance, by the pe- 
riod of the periodic table from which the bonded 
atoms are derived; by the bond order (whether the 
bond is single, double, or triple); and by the column 
(group) of the periodic table from which the atoms in 
the bond are derived. Approximate bond angles can 
be predicted by assuming that the groups surround- 
ing a given atom are as far apart as possible. A com- 
plete description of geometry for complex molecules 
requires a knowledge of dihedral angles, which are 
the angles between bonds on adjacent atoms when 
the bonds are viewed in a planar projection. 


Molecules that are not adequately described by a 
single Lewis structure are represented as resonance 


hybrids, which are weighted averages of two or more 
fictitious Lewis structures. Resonance hybrids are 
more stable than any of their contributing resonance 
structures. 


As a consequence of their wave properties, electrons 
in atoms and molecules can exist only in certain al- 
lowed energy states, called orbitals. Orbitals are de- 
scriptions of the wave properties of electrons in 
atoms and molecules, including their spatial distribu- 
tion. Orbitals are described mathematically by wave- 
functions. 


Electrons in orbitals are characterized by quantum 
numbers, which, for atoms, are designated n, /, апа т. 
Electron spin is described by a fourth quantum num- 
ber m,. The higher the principal quantum number n of 
an electron, the higher its energy.In atoms other than 
hydrogen, the energy is also a function of the / quan- 
tum number. 


Some orbitals contain nodes, which separate the 
wave peaks of the orbitals from the wave troughs. Ап 
atomic orbital of quantum number n has n-1 nodes. 


The distribution of electron density in a given type of 
orbital has a characteristic arrangement in space gov- 
erned by the / quantum number: all s orbitals are 
spheres, all p orbitals contain two equal-sized lobes, 
and so on.The orientation of an orbital is governed by 
its m, quantum number. 


Atomic orbitals and molecular orbitals are both 
populated with electrons according to the aufbau 
principle. 


Covalent bonds are formed when the orbitals of dif- 
ferent atoms overlap. In molecular orbital theory, co- 
valent bonding arises from the filling of bonding mol- 
ecular orbitals by electron pairs. 


The directional properties of bonds can be under- 
stood by the use of hybrid orbitals. The hybridization 
of an atom and the geometry of the atoms attached 
to it are closely related. All sp^-hybridized atoms have 
tetrahedral geometry. 
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ADDITIONAL PROBLEMS 


In each of ihe following sets, specify the one compound 
that is likely to have completely ionic bonds in its solid 


state. 
СС, HCl — NaAt К, 
(b) CS, CsF HF XeF, ВЕ, 


Which of the atoms in each of the following species has 
a complete octet? What is the formal charge on each? 
Assume all unshared valence electrons are shown. 

GJ CH, (b):NH, СН, 

(d) BH, iei:: (Ð BH, 


Draw one Lewis structure for each of the following 

compounds; show all unshared electron pairs. None of 

the atoms in the compounds bears a formal charge. and 

all atoms have octets (hydrogens have duets), 

(a) C,H4CI 

ih) ketene, С.Н.О. which has a carbon-carbon double 
bond 


Draw two Lewis structures for a compound with the 
formula C,H,,. No atom bears a charge, and all carbons 
have complete octets. 


Give the formal charge on each atom and the net charge 
on each species in the following structures. АП un- 


shared valence electrons are shown. 


ER О: (b) üi 
:—CI —O: N 
Í i HE" | nen. 
perchlorate trimethylamine 
oxide 
С) О (d) С 
OP B H H 
azone methylene 
(e) F (0) 261—0: 
H.C—C- hypochlorite 
H 
ethyl radical 


Give the electronic conhguration of (a) the chlorine 
atom; (b) the chloride ion; (c) the argon atom; (9) the 
magnesium atom. 


Give the electronic configuratioa of silicon (Si). Indi- 
cate the valence electrons. 


1.30. Which of the following orbitals is (are) not permitted by 


the quantum theory of the hydrogen atom? Explain. 
2s 68 3d 2d 3p 


Predict the approximate bond angles in each of the fol- 
lowing molecules. 
i2 :CH, (b)BeH, tei "СН, 


(d):ClSi. (ei 9 0—O: 
ozone 

(Give H—C—C and 

C—C—C angles.) 


(f) H;C— C —CH,; 


allene 


The percent s character describes the hybridization of 
an orbital. For example. an 5р? orbital has 25% s char- 
acter. Given the bond angles in each case. calculate 
the percent s character of (1) the orbital containing а 
lone pair and (2) the orbital used to form the bond to 
hydrogen in each of the following compounds. State 
any assumptions. (Hinr: What would be the angle be- 
tween bonds containing O% s character?) 

(ai! NH,, H—N—H bond angle 107.3* 

(b) H,O. H—O—H bond angle 105.57 


The айу cation can be represented by the following 
resonance structures, 


1 H 


m t 
H.C —C>CH, a H,C=C—CH; 


allyl cation 


(a) What is the bond order of each carbon-carbon bond 
in the allyl cation? 

(b) How much positive charge resides on each carbon of 
the ally! cation? 

(c) Although the preceding structures are reasonable de- 
scriptions of the allyl cation, the following cation 
cannot be described by analogous resonance struc- 
tures. Explain why the structure on the right ts not à 
reasonable resonance structure. 


H H | 


| + + | 
H,C—C—NH, «9C» H,C—C=NH; 
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Consider the resonance structures tor the 
carbonate ton. 


О: ОТ О 
| | | 
C —— C <=> C 
it a ят „Д7 "= аР EL 
e ane B" че DU CX 


(a) How much negative charge is on each oxygen of the 
carbonate ion? 

(b) What 15 the bond order of each carbon-oxygen bond 
in the carbonate ion? 


fa) Two types of nodes occur in atomic orbitals: spheri- 
cal surfaces and planes. Examine the nodes in 25. 
2p. and 3p orbitals. and show that they agree with 
the following statements: 
|. An orbital of principal quantum number n has 
n — | nodes. 
2. The value of / gives the number of planar nodes. 
(bi How many spherical nodes does а 5s orbital have? 
A 3d orbital? How many nodes of all types does a 
3d orbital have? 


The shape of one of the five energetically equivalent 34 
orbitals follows. From your answer to Problem 1.35, 
sketch the nodes of this 3d orbital, and associate a wave 
peak or a wave Lrough with each lobe of the orbital. 
(Hint: Tt doesn't matter where vou pul your first peak: 
you should be concerned only with the relative posi- 
tions of peaks and troughs.) 


Orhitals with / = 3 are called f orbitals. 

(a) How many energetically equivalent f orbitals are 
there? 

(Б) En what principal quantum level do f orbitals first 
appear? 

ic) How many nodes does а 5f orbital have? 


Sketch а Ap orbital. Show the nodes and the regions of 
wave peaks and wave troughs. (Hint: Use Fig. 1.11 and 
the descriptions of nodes in Problem 1.352.) 


1.39 


1.40 


141 


1.42 


1.43 


Account for the fact that Н.С — CI (dipole moment 
1.94 D) and H4C—F (dipole moment 1.82 D) have 
almost identical dipole moments, even though fluorine 
Is considerably more electronegative than chlorine. 


The principles For predicting bond angles do not permit 
a distinction between the following two conceivable 
forms of ethylene. 


H H H 
M Wm г 
C=C C=C 
/ Тый \ 
H H Н 
р!апаг staggered 


The dipole moment of ethylene is zero. Does this exper- 
imental faet provide a clue to the preferred dihedral an- 
zles in ethylene? Why or why not? 


A well-known chemist, Havno Szents, has heard you 
apply the rules for predicting molecular geometry to 
water, you have proposed (Problem 1.103. р. 18) a bent 
geometry for this compound. Dr. Szents is unconvinced 
by your arguments and continues to propose that water is 
а linear molecule. He demands that you debate the issue 
with him before a distinguished academy. You must 
therefore come up with experimerntal data that will prove 
to an objective body of scientists thal water indeed has a 
bent geometry. Explain why the dipole moment of water. 
1.84 D, could be used to support your case. 


Use your knowledge of vectors to explain why. even 
though the C—C] bond dipole 15 large. the dipole 
moment of carbon tetrachloride. ССІ. is zero. (Hint: 
Take the resultant of any two C— CI bond dipoles: then 
lake the resultant of the other two. Now add the two re- 
sullants to get the dipolemoment of the molecule. Use 
models!) 


Three possible dihedral angles tor Н.О, (0°. 907, and 

180°) are shown in Fig. 1.6 on p. 19. 

(a) Assume that the H-O- molecule exists predomi- 
nantly in one of these arrangements. Which of the 
dihedral angles can be ruled out hy the fact that 
Н.О. has a large dipole moment (2.13 D)? Explain. 

(h) The bond dipole moment of the O—H bond is tabu- 
lated as 1.52 D. Use this fact and the overall dipole 
moment of Н.О. in part (a) to decide on the pre- 
ferred dihedral angles in Н.О. Take the H—O—O 
bond angle to be the known value (96.5°). (Hinr: 
Apply the law of cosines.) 


1.44 


1.46 


Given the dipole moment of water (1.84 D) and the 
H—O—H bond angle (104.457), justify the statement 
in Problem 1.43(b) that the bond dipole moment of the 
O—H bond is 1.52 D. 


Consider two 2p orbitals. one on each of two atems, 

oriented head-to-head as in Figure P1.45. 

[Imagine bringing the nuclei closer together until the 

Iwo wave peaks (the blue lobes) of the orbitals just 

overlap, as shown in the figure. А new system of molec- 

ular orbitals is formed by this overlap. 

(a) Sketch the shape of the resulting bonding and anti- 
bonding molecular orbitals. 

(b) Identify the nodes in each molecular orbital. 

(c) Construct an orbital interaction diagram for molecu- 
lar orbital formation. 

(d) If two electrons occupy the bonding molecular or- 
bital, is the resulting bond a т bond? Explain. 


Consider two 2p orbilals, one on each of two different 

atoms, oriented side-to-side. as in Figure P1.46. Imag- 

ine bringing these nuclei together so that overlap occurs 

as shown in the figure. This overlap results in a system 

of molecular orbitals. 

(a) Sketch the shape of the resulting bonding and anti- 
bonding molecular orbitals. 

ib) Identify the node(s) in each. 

(c) Construct an orbital interaction diagram for molecu- 
lar orbital formation. 

(d? When two electrons occupy the bonding molecular 
orbital. ts the resulting bond a c bond? Explain. 


Figure P1.45 
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© - 


ADDITIONAL PROBLEMS 45 


When a hydrogen malecule absorbs light, an electron 
jumps from the bonding molecular orbital to the anti- 
bonding molecular orbital. Explain why this light ab- 
sorption can lead to the dissociation of the hydrogen 
molecule into two hydrogen atoms. (This process. 
called photodissociation. can sometimes be used to ini- 


tiate chemical reactions.) 


Suppose you take a trip to a distant universe and lind 
that the periodic table there is derived from an arrange- 
ment of quantum numbers different from the one on 
earth. The rules in that universe are 
|. principal quantum number n = 1. 2....(as on 
earth): 

3. angular momentum quantum number / = 0, 1, 2. 
2 8 — 1 (as on earth); 

2. magnetic quantum number m, = 0, 1,2... ../ 
(that is, only positive integers up to and including 
fare allowed); and 

4. spin quantum number m, = — 1.0. +1 (that is, 
three allowed values of spin). 


"ar 


Assuming that the Pauli exclusion principle remains 
"alid. what is the maximum number of electrons 


(à 


that can populate a given orbital? 
(b) Write the electronic configuration of the element 
with atomic number 8 in the periodic table. 
(c) What is the atomic number of the second noble gas? 
(d) What rule replaces the octet rule? 


nuclei 


Figure P1.46 


Alkanes 


Organic compounds all contain carbon, but they can also contain a wide variety of other ele- 
ments. Before we can appreciate such chemical diversity, however, we have to begin at the he- 
ginning, with the simplest organic compounds, the Avdrecarbons. Hydrocarbons are com- 
pounds that contain only the elements carbon and hydrogen. 


HYDROCARBONS 


Methane, CH, 15 the simplest hydrocarbon. As you learned in Sec. 1.3B, all of the hydrogen 
atoms of methane are equivalent, occupying the corners of a regular tetrahedron. Imagine now. 
that instead of being bound only to hydrogens, a carbon atom could be bound to a second car- 
bon with enough hydrogens to fulfill the octet rule. The resulting compound is ethane. 


H H 
HH | j 
Lewis structures of ethane: H:C:C:H Ct H;C—CH; 
HH | | 
H H 
ball-and-stick model of ethane space-filling model of ethane 


\ 
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1 
zn 2p er bona 


Figure 2.1 Hybrid-orbital description of the bonds in ethane.t The small rear lobes of the carbon sp’ orbitals are 
omitted for clarity.) The component sp” and 1s orbitals are shown with dashed lines for the two labeled bonds. 


In ethane, the hond between the two carhon atoms is longer than а C—H bond, but. like the 
C—H bonds, it is a covalent bond in the Lewis sense. In terms of hybrid. orbitals. the 
varbon -carbon bond in ethane consists of ivo electrons in a bond formed by the overlap of 
(yo sp? hybrid orbitals. one from each carbon. Thus, the carbon-carbon bond in ethane is an 
sp Ар er bond (Fig. 2.1). The C —H bonds in ethane are like those of methane. They consist 
of covalent bonds. each of which is formed by the overlap of a carbon sp° orbital with а hy- 
drogen 13 orbital: that is, they ure зр -1s co bonds. Both the НСС and H—C—H hond 
angles in ethane are approximately tetrahedral because cach carbon bears four groups. 

We cun go on te em ision other hydrocarbons in which any number of carbons ure bonded 
in this was to form chains of carbons bearing their associated hydrogen atoms. Indeed. the 
ability of a carbon to form stable bonds to other carbons is what gives rise to the tremendous 
number of known organic compounds, The idea of carbon chains, a revolutionary one in the 
early days of chemistry, was developed independently by the German chemist August Кеки“ 
(1829-1896) and the Scotsman Archibald Scott Couper t I831 18923 in about 1858, Кекше 
account of bis inspiration for this Шейх amusing. 


During my stay in London ] resided fora considerable time in Clapham Road in the neighborhixkd 
af Clapham Common... . One fine simmer evening ] was returning by the kast bus. “outside” as 
usual, through the deserted streets of the ety that are at other mes so full ef life 1 fell inte à reverie. 
and lo. the atoms were gamboling before my eves. Whenever. hitherto, these diminutive beings had 
appeared io me they hii алау been in motion. Now, however. | saw how. frequently, two smaller 
atoms united to form a pair... 1 sas how the larver ones formed a chain, dragging the smaller ones 
alter them bur only at the ends of the chain. 22. The сту of the conductor, “Clapham Read; wuk- 
ened me trom my dreaming, but [ spent à part of the nieht puling on paper at least sketehes of tese 
dream Forms. This was the ongin of the "Structure Theory.” 


Hydrocarbons are divided into two broad classes: aliphatic fivdrocarbens and aromatic Ay- 
dracarbons, (The term aliphatic comes trom the Greek afeiphates, which means “fat.” Fats 
contain long carbon chains that, as vou will learn. are aliphatie groups.) The aliphatic hydro- 
carbons consist of three hydrocarbon families: Катех, afkenes, and alkynes. We Il begin our 
study of aliphatic hydrocarbons with the alkanes, which are sometimes known as paraffins. 
Alkanes are hydrocarbons that contain only single bonds. Methane and ethane are the simplest 
alkenes. Later we'll consider the alkenes, or olefins, hydrocarbons that contain carbon-carbon 
double honds; und the alkynes, or acetylenes, hydrocarbons that contain earhon-earbon triple 
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bonds. The last hydrocarbons we'll study are the aromatic hydrocarbons, which include ben- 
zene and its substituted derivatives. 


H 
H li H 
Ка Se 
H H A | | 
x C „2б 
H—C—C—H с=с н—с=с—н H^ x^ “н 
| 
H H H H an alkyne | 
an alkane an alkene benzene 


a a | ———_—_MM 
. “T an aromatic hydrocarbon 
aliphatic hydrocarbons 


UNBRANCHED ALKANES 


Carbon chains take many forms in the alkanes; they may be branched or unbranched, and they 
can even exist as rings (cyclic alkanes). Alkanes with unbranched carbon chains are sometimes 
called normal alkanes, or n-alkanes. A few of the unbranched alkanes are shown in Table 2.1, 
along with some of their physical properties. You should learn the names of the first twelve un- 
branched alkanes because they are the basis for naming many other organic compounds. The 
names methane, ethane, propane, and butane have their origins in the early history of organic 
chemistry, but the names of the higher alkanes are derived from the corresponding Greek numer- 
ical names: pentane (pent = five); hexane (Лех = six}: and so on. 


Maud The unbranched Alkanes 


Compound Molecular Condensed structural Melting Boiling Density* 
name formula formula point (°C) point (°C) (а mL!) 
methane CH, CH, = 182.5 -—161.7 — | 
ethane CH, CH,CH, 183.3 -85.6 — 
propane C,H, CH,CH,CH, —187.7 -42.1 — 
butane САН, CH,(CH,},CH, 138.3 -0.5 — 
pentane C.H CH.(CH ), CH, —129.8 36.1 0.6262 
hexane С.Н, CH,UCH „ЄН, 95.3 68.7 0.6603 
heptane CH, CH,(CH.),CH, -90.6 98.4 0.6837 
octane CHa, CH,(CH,),CH, -568 125.7 0.7026 
nonane СЫН CH,(CH,),CH, -595 150.8 0.7177 
decane С 93; CH,(CH,),CH, 28.7 174.0 0.7299 
undecane CH, CH,(CH,},CH, p - 25.6 195.8 0.7402 
dodecane Ci; Has CHCH; СН; -9,6 216.3 0.7487 
eicosane C. Ha; 


CH,(CH,),,.CH, +36.8 343.0 0.7886 


‘The densities tabulated in this text are of the liquids at 20 "C unless otherwise noted. 


2.2 UNBRANCHED ALKANES Ag 


Organic molecules are represented in different wavs. which we H illustrate using the alkane 
hexane, The molecular formula of a compound тог example, ©,H,, for hexane) gives its 
atomic composition. АП nonevelic alkanes (alkanes without rings have the general formula 
C11, in which inis the number of carbon atoms. The structural formula of a molecule is 
HS Lewis structure, which shows the connectivity of its atoms—mthat is, the order in which its 
atoms are connected. For example, a structural formula for hexane is the follow ine: 


H | | H H 


шалак LG 
l| | 
H H H B H H 


hexane 


(Notice thal this (уре of Formula does zee portray the molecular geometry.) Writing each hy- 
drogen atom in this wav is very Bme-consuming, and a simpler representation of this mole- 
cule, culled à condensed structural formula, conveys the same information. 


еы ые кы ыя 
hexane 


In such à structure, the hydrogen atoms are understood ta be connected to carbon atoms with 
singile bonds, amd the bonds shown explicitly are Рол henveenm carbon areas, Sometimes 
exen these bonds are omitted, so that hexane can also he written CH,CH.CH.CH;CH.CH.,. The 
structural formula may be further abbreviated as shown in the third column of Table 2.1. In this 
(уре of formula. for example, (СНІ), means —CH,CR,CHLCIL—. and hexane can thus be 
written CHACH.ICH,. 


CERCH «HCE CH-CH, ELGE CH 
two other representations of hexane 


The family of unbranched alkanes Forms a series in which successive members dilter fram 
one another by one —CH.— group (methylene group: in the carbon chain. А series of gom- 
pounds that differ by the addition of methylene groups is called a homologous series. Thus, the 
unbranched alkanes constitute one homologous series. Generally. physical properties within a 
homologous series vary in u regular way, An examination of Table 2.1, for example. reveals that 
the boiling points and densities of the unbranched alkanes vary regularly with increasing num- 
ber of carbon atoms. This variation can be useful for quickly estimating the properties of à 
member of the series Whose properties are not known. 

The French chemist Charles Gerhardt (1816-1856) made an important chemieal observa- 
пол in 1845 about members of homologous series; His observation sull has significant impii- 
cations for learning organie chemistry. He wrote. “These (related) substances undergo reg- 
tions according to the same equations, and ibis only necessary to Know the reactions of one in 
order to prediet the reactions of the others.” What Gerhardt was saying. Tor example, is that 
we can study the chemical reactions of propane with the contidence that ethane. butane. or do- 
decane will undergo analogous reactions. 


PROBLEMS 
| PROBLEMS. ~ 1 (а) How many hydrogen atoms are in the unbranched alkane with 18 carbon atoms? 


(b) Is there an unbranched alkane containing 23 hydrogen atoms? If so, give tis structural for- 
mila; if not. explain why not. 


2.2 Give the structural formula and estimate the boiling point of tridecane, С.Н... 
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CONFORMATIONS OF ALKANES 


In Section 1.3B, we learned that understanding the structures of many molecules requires that 
we specify not only their bond lengths and bond angles but also their dihedral angies. In this sec- 
tion, we Il use the simple alkanes ethane and butane to develop some widely applicable simple 
principles that will allow us to predict the dihedral angles in more complex molecules. 


A. Conformation of Ethane 


To specify the dihedral angles in ethane. we must define the relationship between the C—H 
bonds on one carbon and those on the other. A convenient way to do this is to view the mole- 
cule in a Newman projection. A Newman projection is a type of planar projection along one 
bond, which we'll call the projected bond. For example, suppose we wish to view the ethane 
molecule in a Newman projection along the carbon-carbon bond, as shown in Fig. 2.2. In this 
projection, the carbon-carbon bond is the projected bond. To draw a Newman projection. start 
with a circle. The remaining bonds to the nearer atom in the projected bond are drawn to the 
center of the circle. The remaining bonds to the farther atom in the projected bond are drawn 
to the periphery of the circle. In the Newman projection of ethane (Fig. 2.2c), the three C—H 


ball-and-stick models: 


projected bond projected bond and 


rear carbon are hidden 


ling-and-wedge formulas: 


къ? 
" 


(a) viewing a model of ethane from one end (b) end-on view (c) Newman projection 
(8 = dihedral angle) 


Ф 


Figure 2.2 How to derive a Newman projection for ethane using ball-and-stick models (top) and line-and- 
wedge formulas (bottom). (The hydrogens and С—Н bonds farthest from the observer are shown in blue.) First 
view the ethane molecule from the end of the bond you wish to project, as in part (a). The resulting end-on view 
is shown in part (b). This is represented as a Newman projection (с) in the plane of the раде. Іп the Newman pro- 
jection, the bonds drawn to the center of the circle are attached to the carbon closer to the observer; the bonds 
drawn to the periphery of the circle (blue) are attached to the carbon farther from the observer. The projected 
bond (the carbon-carbon bond) is hidden. 
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bonds drawn to the center of the circle are bonds to the front carbon. The C—H bonds to the 
periphery of the circle are the bonds to the rear carbon. Гле projected bond itself, which is the 
fourth bond te cach carbon, is hidden. 

The Newman projection of ethane makes Н very easy to see the dihedral angles 8 hetween 
its C—H bonds. When we have specitied all of the dihedral angles in a molecule. we have 
ресей its conformation. Thus, the conformation ol à molecule is the spatial arrangement 
of IE atoms when all of its dihedral angles are specified. We can also refer to conformations 
of parts of molecules. for example. conformations about individual bonds, 

Two limiting possibilities for the conformation of ethane can be seen from its Newman pro- 
jections; these are termed the sag gered conformation and the ectipsed conformation. 


60* 
H H 

VAN 0 0 

- SOK H 

H 

H 
staggered conformation eclipsed conformation 
of ethane of ethane 


In the staggered conformation, a C—H bond of one carbon bisects the angle between two 
C —H bonds of the other. The smallest dihedral angle in the staggered conformation is 0 — 
60 . (The other dihedral angles are Ө = [80^ and 8 = 300 .) [n the eclipsed conformation, 
the C—H bonds on the respective carbons are superimposed in the Newman projection. The 
smallest dihedral angle is @ = 0 . (The other dihedral angles are 6 = 1207 and 0 = 240 2) OF 
course. conformations intermediate between the staggered and eclipsed conformations are 
possible, but these зо conformations will prove to be of central importance. 

Which ts the preferred conformation of ethane? The energies of the ethane conformations 
can be described by a plot of relative energy versus dihedral angle. which ts shown in Fig, 2.3 
an p. 42. [n this figure, the dihedral angle ts the angle between the bonds to the colored hydro- 
gens on the different carbons, To see the relationships in Fig, 2.3, build a model of ethane, hold 
either carbon fixed, and turn the other carbon about the C—C bond. As the angle of rotation 
changes, the model passes alternately through three identical staggered and three identical 
eclipsed conformations. As shown by Fig. 2.3. identical conformations have identical ener- 
vies, The graph also shows that the eclipsed conformation ts characterized by an energy mey- 
тп, and the staggered conformation is characterized by an energy mitia, The stuggered 
conformation is Therefore the more stable contorination of ethane. The graph shows that the 
staggered conformation is more stable than the eclipsed conformation by about 12 kJ mol. 
(about 2.9 keal mol |). This means that it would take about 12 kJ of energy to convert one 
mele of staggered ethane into one mole of eclipsed ethane. 

The reason for the relative stability of the staggered conformation has been debated for 
years. One theory is that the staggered form is more stable because there is a favorable Inter- 
action. between the bonding and antibonding molecular orbitals associated. with the C—H 
bonds on the two carbons that he at a dihedral angle of E807. This dihedral angle, and hence 
the stabilizing interaction. is only possible in the staggered form. A second theory holds that 
there is repulsion between the electrons in the C. -H bonds on the two carbons, Because the 
bonds are closer when they have a dihedral angle of O . this repulsion is greater in the eclipsed 
form. This repulsion is termed torsional strain. Notice that the repulsion is not between the 
hydrogens hut between the electrons in the bonds themselves. An assessment in 2007 of the 
two effects indicated that torsional strain accounts for about 75€. of the energy difference 
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Figure 2.3 Variation of energy with dihedral angle about the carbon-carbon bond of ethane. In this diagram, 
the rear carbon is held fixed and the front carbon is rotated, as shown by the green arrows, The dihedral angle 
plotted is the angle between the bonds to the red and blue hydrogens. Note that the staggered conformations 
are at the energy minima, and the eclipsed conformations are at the energy maxima. 


H 


between the eclipsed and staggered forms, and that the favorable orbital interaction accounts 
for about 25%. 

One staggered conformation of ethane can convert into another by rotation of either carbon 
relative to the other about the carbon-carbon bond. Such a rotation about a bond is called an 
internal rotation (to differentiate it from a rotation of the entire molecule). When an internal 
rotation occurs, an ethane molecule must briefly pass through the eclipsed conformation. To 
do so, it must acquire the additional energy of the eclipsed conformation and then lose it again. 
What is the source of this energy? 

At temperatures above absolute zero, molecules are in constant motion and therefore have 
kinetic energy. Heat is a manifestation of this kinetic energy. In a sample of ethane, the mole- 
cules move about in a random manner, much as people might mill about in a large crowd. 
These moving molecules frequently collide, and molecules can gain or lose energy in such 
collisions. (Ап analogy is the collision of a bat with a ball: some of the kinetic energy of the 
bat 1s lost to the ball.) When an ethane molecule gains sufficient energy from a collision, it can 
undergo internal rotation, passing through the more energetic eclipsed conformation into an- 
other staggered conformation. Whether a given ethane molecule acquires sufficient energy to 
undergo an internal rotation is strictly a matter of probability (random chance). However, an 
internal rotation is more probable at higher temperature because warmer molecules have 
greater kinetic energy. 

The probability that ethane undergoes internal rotation is reflected as its rere of rotation: 
how many times per second the molecule converts from one staggered conformation into an- 
other. This rate 1s determined by how much energy must be acquired for the rotation to occur: 
the more energy required, the smaller the rate. In the case of ethane, 12 kJ mol ^! (2.9 kcal 
mol" !) is required. This amount of energy is small enough that the internal rotation of ethane 
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is very rapid even at very low temperatures. At 25 "C. a typical ethane molecule undergoes a 
rotation from one staggered conformation to another at a rate of about 10! times per second! 
This means that the interconversion between staggered conformations takes place about once 
every 107" second. Despite this short lifetime for any one staggered conformation, an ethane 
molecule spends most of its time in its staggered conformations, passing only transiently 
through its eclipsed conformations. Thus, an internal rotation is best characterized not as a 
continuous spinning but as a constant succession of jumps from one staggered conformation 
го another. 


B. Conformations of Butane 


Butane contains two distinguishable tvpes of carbon—carbon bonds: the two terminal C— C 
bonds (біне), and the central C — C bond (reci. 


H,C— CH;— CH;— CH; 


butane 
two types of C—C bonds 


We'll consider internal rotation about the central С—С bond. This rotation is a bit more com- 
plex than the ethane case, but examination of this rotation leads to important new insights 
about molecular conformation. As with ethane, we use Newman projections. as shown in Fig. 
2.4. Remember again that the projected bond—the central C—C bond in this case—is hidden 
in the Newman projection. 


ball-and-stick models: 


CH, 


СН, group 


projected bond and 
carbon-3 are hidden 


| 

CH, 
i 
зн 


| CH 
H "à 


projected bond 


linic-ami-wedge formulas: 


СА 


‘hg \ # an $ 
Ki = ey aed = н 


(a) viewing а model of butane [rom one end (h) end-on view (c) Newman projection 
af the central carbon-carbon bond 


Figure 2.4 How to derive the Newman projection of the central carbon-carbon bond in butane using ball-and- 
stick models (top) and line-and-wedge formulas (bottom). The bonds and groups on the rear carbon of the pro- 
jected bond are shawn in blue. (Only one of the butane conformations is shown.) 
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(3.3 kcal mol’) 
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Ф H CH; H 
gauche anti gauche 


Figure 2.5 Variation of energy with dihedral angle about the central carbon-carbon bond of butane. In this di- 
agram, the rear carbon is held fixed and the front carbon is rotated, as shown by the green arrows, The dihedral 


angle plotted is the one between the bonds to the two CH, groups. 


The graph of energy as a function of dihedral angle in butane is given in Fig. 2.5. Note once 
again that the various rotational possibilities are generated with a model by holding either car- 
bon fixed (the carbon away from the observer in Fig. 2.5) and rotating the other one. 

Figure 2.5 shows that the staggered conformations of butane. like those of ethane, are at en- 
ergy minima and are thus the stable conformations of butane. However, not all of the staggered 
conformations (nor all of the eclipsed conformations) of butane are alike. The different stag- 
gered conformations have been given special names. The conformations with a dihedral angle 
of 60° and 300° in Fig. 2.5 (or 60^) between the two C—CH, bonds are called gauche con- 
formations (from the French gauchir meaning “to turn aside"); the form in which the dihedral 


angle is 180? is called the anti conformation. 


[] 


GH 


gauche conformation anti conformation gauche conformation 
8 = 60 8 = 180° Ө = 300° (= 60°) 


The relationship between bonds also can be described with the terms gauche and anri. Two 
bonds that have a dihedral relationship of +60° are said to be gauche bonds. Two bonds that 


4 


Further Exploration 2.1 
Atomic Radii and 
van der Waals 
Repulsion 
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have a dihedral relationship of 180° are said to be anti bonds. Notice that these terms refer to 
bonds on adjacent carbons. 

Figure 2.5 shows that the gauche and anti conformations of butane have different energies. 
The anti conformation is the more stable of the two by 2.80 kJ mol (0.67 kcal mol '). The 
gauche conformation is the less stable of the two because the CH, groups are very close to- 
gether—so close that the hydrogens on the two groups occupy each other's space. You can see 
this with the aid of the space-filling model in Fig. 2.6a. 

This problem can be discussed more precisely in terms of atomic size. One measure of an 
atoin’s effective size is its van der Waals radius. Energy is required to force two nonbonded 
atoms together more closely than the sum of their van der Waals radii. Because the van der 
Waals radius of a hydrogen atom is about 1.2 А, forcing the centers of two nonbonded hydro- 
gens to be closer than twice this distance requires energy. Furthermore. the more the two hy- 
drogens are pushed together, the more energy is required. The extra energy required to force 
two nonbonded atoms within the sum of their van der Waals radii is called a van der Waals 
repulsion. Thus, to attain the gauche conformation, butane must acquire more energy, In other 
words, gauche-butane is destabilized bv van der Waals repulsions between nonbonded hydro- 
gens on the two CH, groups, Such van der Waals repuisions are absent in ati-butane (see Fig. 
2.4b). Thus, anzi-butane is more stable than gauche-butane. 

As with ethane, the eclipsed conformations of butane are destabilized by torsional strain. 
But. in the conformation in which the two C—CH, bonds are eclipsed. the major source of in- 
stability is van der Waals repulsions between the methyl hydrogens (Fig. 2.6c), which are 
forced to be even closer than they are in the gauche conformation. Notice that this is the most 
unstable of the eclipsed conformations (# = 0" in Fig. 2.5). 

[t 1s important to understand the relative energies of the butane conformations because. 
when different stable conformations are in equilibrium, the most stable conformation—the 
conformation of lowest energv—is present in greatest amount. Thus, the anti conformation of 
butane is the predominant conformation of butane, At room temperature, there are about twice 
as many molecules of butane in the anti conformation as there are in the gauche conformation. 


H-H distances are less than the 


H-H distance is less than the sum of van der Waals radii 


sum of van der Waals radii no van der Waals repulsions | 
| g | 

а 

т Бе i 

т 


(a) gauche-butane (b) anti-butane (с) butane with C — CH; 
bonds eclipsed 


Figure 2.6 Space-flling models of different butane conformations with the methyl hydrogens shown in color. 
(a) Gauche-butane. A hydrogen atom from one CH, group is so close to a hydrogen atom of the other CH, group 
that these hydrogens, shown in pink, violate each other's van der Waals radii. The resulting van der Waals repul- 
sions cause gauche-butane to have a higher energy than anti-butane, in which this interaction is absent. (b) Anti- 
butane. This conformation is most stable because it contains no van der Waals repulsions. (c) Butane with the 
C— CH, bonds eclipsed. In this conformation, van der Waals repulsions between the hydrogens of the two CH, 
groups (pink) are even greater than they are in gauche-butane. 
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The gauche and anti conformations of butane interconvert rapidly at room temperature— 
almost as rapidly as the staggered forms of ethane. Because the eclipsed conformations lie at 
energy maxima and are unstable, they do not exist to any measurable extent. 

The investigation of molecular conformations and their relative energies is called confor- 
mational analysis. In this section, we've learned some important principles of conformational 
analysis that we'll be able to apply to more complex molecules. Here is a summary of these 
principles: 


1. Staggered conformations about single bonds are favored. 
. Van der Waals repulsions (repulsions between nonbonded atoms) occur when atoms are 
"squeezed" closer together than the sum of their van der Waals radii. 
. Conformations containing van der Waals repulsions are less stable than conformations 
in which such repulsions are absent. 
4, Rotation about C—C single bonds is so rapid that it is hard to imagine separating con- 
formations except at very low temperature. 


гы 


* | 


Study Problem 2.1 
Draw a Newman projection for the anti conformation about the C3—C4 bond of 2-methylhexane. 


viewing the bond so that C3 is nearest the observer. 
Hau E — Ut. — CEL,— Gn, 


Ca C4 


2-methylhexane 


Solution First draw a "blank" Newman projection to represent the projected bond. Remember 
that the projected bond itself (the C3—C4 bond) is invisible in the projection. Either template 
below can be used. 


We arbitrarily pick the template on the left. In the view dictated by the problem. the front carbon 
is C3. Identify the three groups attached to C3 with bonds other than the projected bond. These 
groups are Н, Н, and the E ШЕ group, Put these on the front carbon of the Newman 

CH, 
projection. /t doesn't matter which bonds go to which groups as long as all groups are on the 
front carbon. Ws important to understand that, because we are not examining the bonds within the 
large group. we can condense this group to (CH,),CH— or even C,H,—. 


H 


H CH(CH3) 


We then identify the groups attached to the back carbon (C4) by bonds other than the projected 
bond. These groups аге Н, H, and —CH,CH,. Now it does matter where we put these groups, be- 
cause we are asked for the anti conformation. The —CH,CH, group must be placed anti to the 
(CH4),CH— group. Remember that "anti" means a dihedral angle of 180°. 
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2-methyihexane 
anti conformation about C3-C4 bond 


Remember that Newman projections are used to examine conformations about a particular bond. 
If we want to examine the conformations about several different bonds, we must draw à different 
set of Newman projections for each bond. 


PROBLEMS @ qv А | " 
2.3 (a) Draw a Newman projection for each conformation about the C2— C3 bond of isopentane, 


a compound containing а branched carbon chain. 


гоа а 
CH, 
isopentane 


Show both staggered and eclipsed conformations. 

(b) Sketch a curve of potential energy versus dihedral angle for isopentane. similar to that of 
butane in Fig. 2.5. Label each energy maximum and minimum with one of the conforma- 
tions you drew in part (a). 

(c) Which conformations are likely to be present in greatest amount in a sample of isopentane? 
Explain. 


2.4 Repeat the analysis in Problem 2.3 for either one of the terminal honds of butane. 


CONSTITUTIONAL ISOMERS AND NOMENCLATURE 


A. Isomers 


When а carbon atom in an alkane 1s bound to more than two other carbon atoms. a branch in the 
carbon chain occurs at that position. The smallest branched alkane has four carbon atoms. As а 
result, there are two four-carbon alkanes: one is butane, and the other is isobutane. 


НАС 
I5c——CGCH;-CH;—GL а —(CH, 
butane HC 
bp —(1.5* 
isobutane 
bp —11.7* 


These are different compounds with different properties. For example, the boiling point of bu- 
tane is —0.5 ^C, whereas that of isobutane is — 11.7 "C. Yet both have the same molecular for- 
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Study Problem 2.2 


mula. C,H,,. Different compounds that have the same molecular formula are said to be iso- 
mers or isomeric compounds. 

There are different types of isomers. Isomers that differ in the connectivity of their atoms. 
such as butane and isobutane. are called constitutional isomers or structural isomers. Recall 
(Sec. 1.3) that connectivity is the order in which the atoms of the molecule are bonded.The 
atomic connectivities of butane and isobutane differ because in isobutane a carbon is attached 
to three other carbons. whereas in butane no carbon is attached to more than two other carbons. 


Which of the following four structures represent constitutional isomers, which represent the same 
molecule, and which one is neither isomeric nor identical to the others? Explain your answers. 


CH; CH 3 
CH,CHCHCH; CH,CHCHCH;CH, CH,CHEHCH, CHICHCH;CH;CH,CH, 
CH, CH; CH CH 
HE SG i 
А Н С. D 


Solution Compounds must have the same molecular formula to be either identical or isomeric. 
Structure A has a different molecular formula (C,H,,) from the other structures (C;H,,), and hence 
structure A represents a molecule that is neither identical nor isomeric to the others. To solve the 
rest of the problem, we must understand that Lewis structures show connectivity only. They do not 
represent the actual shapes of molecules unless we start adding spatial elements such as wedges 
and dashed wedges. This means that we can draw a given structure many different ways. Have 
you ever heard the old spiritual, “The foot-bone's connected to the ankle-bone . . . "? That's a 
song about connectivity of the typical human body. If the description fits you, its validity doesn't 
change whether you are sitting down, standing up, standing on your head, or doing yoga. Simi- 
larly, the connectivity of a molecule doesn't change whether it is drawn forwards. backwards, or 
upside-down. With that in mind, let's trace the connectivity of each structure above. Consider 
structures B and C. Each has two CH, groups connected to a CH, and that CH is connected to an- 
other CH, which in turn is connected to both a CH, group and a СН.СН, group. In B, this connec- 
tivity pattern starts on the left: in C, it starts on the bottom. But it's the same in both. Because hoth 
structures have identical connectivities, they represent the same molecule. 


Structures D and B (or D and С) have the same molecular formula C,H,,. but. as you should ver- 
ify, their connectivities are different, so they are constitutional isomers. 


Butane and isobutane are the only constitutional isomers with the formula C,H p. However, 
more constitutional isomers are possible for alkanes with more carbon atoms. There are nine 
constitutional isomers of the heptanes (С-Н). 75 constitutional isomers of the decanes 
(СН) and 366.319 constitutional isomers of the eicosanes (C.,,H,,)! From these few exam- 
ples, itis easy to understand that millions of organic compounds are known and millions more 
are conceivable. It follows that organizing the body of chemical knowledge requires a system 
of nomenclature that can provide an unambiguous name for each compound. 


Organic Nomenclature 


An organized effort to standardize organic nomenclature dates from proposals made at 
Geneva in 1892. From those proposals the International Union of Pure and Applied Chemistry 
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UUPAC h a professional association of chemists. developed and sanctioned several accepted 
systems of nomenclature. The most widely applied system im use todas is called substitutive 
nomenclature. 

The TUPAC rules ter the nomenclature of alkanes form the hasis for the substitutive 
nomenclature of most other compound classes; Henge. this important to learn these rules and 
be able to apply them. 


Substitutive Nomenclature of Alkanes 


Alkanes аге named by applying the following 10 rules da enfer. This means that if one rule 
doesn t unambiguousfs determine the name ol à compound ol interest, we proceed down the 
list н order until we nnd a rule that does, 


|. Fhe unbranched atkunes ure named according to he minber of carbons, us sfienvn їй 
fable 24. 


3. For dikane contutnine branched varben chains, determine the principal euin. 
The principal chain is the longest continuous carbon chain in the molecule, To illustrate: 


H,C—CH,—CH,—CH —CH:;—CH, principal chain 
| 


MET 


When identifying the principal chain. take into дссс thal tle condensed structive of a given 
molecule тах be drawn in several different ways (Study Problem 2,21 Thus, the following 
structures represent the seme meéecule, wath the principal chain shown in red: 


IC —CH,; —CH,—GH —CH5— CH, Ha —CH—CH,—CH, 


CH, CH;—CH,—CH 


(Be sure to verify that these structures have identical connectivities and thus represent the 
same molecule. 


A, Hf nio or more chains within a strictme have the sume length. choose as the principal 
chain the one with the ereater танбек of branches. 


The following structure is an example of such a situation: 
CH.— CH Cli: — CH: 


HL .— CH GB GTHS—G6Hs-——CHi HS C— CH — 6H— CH, —CH;— CH 


il I. "Tw | CH; six-carbon chain 
with two branches 
Aus rs the proper choice 
ler principal chain! 


The correct choice of principal chain ts the one on the right, because it has two branches: the 
choice on the left has only ome. (Ht makes no difference that the brunch en the left is larger or 


that it has additional branching within isell.i 


4. Number the carbuns at the principal chain consecutively from eine end to the other in the 
direction that gives the lower number to the first branching pott. 
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In the following structure. the carbons of the principal chain are numbered consecutively trom 
one end to give the lower number to the carbon at the —CH, branch. 
| -— —— proper numbering 


6 5 | 2 | 
H,C-——CH,;—CH,—-CH— CH, — CH; 


improper numbering 


CH, 


5. Name each branch and identify the carbon number of the principal chain at which it 
OCCHI'S, 


[п the previous example. the branching group is a —— CH, group. This group, called a methyl 
group, is located at carbon-3 of the principal chain. 

Branching groups are in general called substituents, and substituents derived from alkanes 
are called alkyl groups. An alkyl group may contain any number of carbons. The name of an 
unbranched alkyl group is derived from the name of the unbranched alkane with the same 
number of carbons by dropping the final ane and adding у/. 


—CH, methyl (= геги + vl) 
— CHCH, Or — C-H; ethyl (= etháyg + yl) 
—CH;CH>CH, propyl 
Alkyl substituents themselves may be branched. The most common branched alkyl groups 
СЯ have special names. given in Table 2.2. These should be learned because they will Бе encoun- 
STUDY GUIDE LINK 2.1 tered frequently. Notice that the "iso" prefix is used for substituents containing two methyl 
Nomenclature of А ¥ б PAS din А MM Менын 77 АСЧИИ ыйан Би ЇЁ i 
Simple Branched groups at the end of а carbon chain. Also notice carefully the difference between an isobutyl 
Compounds group and a sec-butyl group: these two groups are frequently confused. 


Шы 20 Nomenclature of Some Short Branched-Chain Alkyl Groups 


Group structure Condensed structure Written name Pronounced name 
HC 
n (CH,),CH — isopropyl isopropyl 
НС 
"е 
CHCH;— (CH,),CHCH,— isobutyl isobutyl 
HC 
CH,CH;CH— — sec-butyl secondary butyl ог 
| “sec-butyl 
CH; 
a 
H,C—C— (CH4C— tert-but yl tertiary butyl or 
| (or t-butyl) ^tert-butyl" 
CH; 
je 
H4C—C—CH;— (СН EH. — neopentyl neopentyl 
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6. Construct the name by writing the carbon number af the principal chain at which the 
substituent occurs, a hyphen, the name of the branch, and the name of the alkane corre- 
sponding to the principal chain. 


H,C—GH, у= — CH; — CH, 
CH; 


name: 3-methylhexane 


| 


name af principal chain 


number and name 
of alkvl substituent 


Notice that the name of the branch and the name of the principal chain are written together 
as one word. Notice also that the name itself has no relationship to the name of the isomeric 
unbranched alkane: that is, the preceding compound is a constitutional isomer of heptane be- 
cause it has seven carbon atoms, but it is named as a derivative of hexane, because its princi- 
pal chain contains six carbon atoms. 


Study Problem 2.3 


Name the following compound, and give the name of the unbranched alkane of which it is a 


constitutional isomer. 
H,C-—CH,—CH,— CH—CH,—CH;— CH; 


үт em 


И CH; 


Solution Because the principal chain has seven carbons, the compound is named as a 
substituted heptane. The branch is at carbon-4, and the substituent group at this branch is 


| 

CH; 
Table 2.2 shows that this group is an isopropyl group. Thus, the name of the compound is 
4-isopropylheptane: 


CH— CH, 
| 
CH; 
d-isopropylheptane 


alkyl group name from Table 2.2 


Because this compound has the molecular formula С „Н, it is a constitutional isomer of the 
unbranched alkane decane, 
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7. If the principal chain contains multiple substituent groups, each substituent receives tts 
own number. The prefixes di, tri, tetra, and so on, are used to indicate the number of 
identical substituents. 

CH; 


CH; 


2,2-dimethylpentane 
| 


two methyl substituents 


shows that both methyl branches are 
at carbon-2 of the principal chain 


Study Problem 2.4 


Which two of the following structures represent the same compound? Name the compound. 
HC — CH; 
CH—CH,  H,C—CH—CH,—CH—CH,—CH,  H4C—CH—CH—CH;—CH; 
H4C— CH; —CH e iM CH, CH, 
CH; CH; 
А B C 
Solution The connectivities of both A and C are the same: [CH,, СН.. (CH connected to CH,), 
(CH connected to CH,), CH,, CH,]. The compound represented by these structures has six carbons 
in its principal chain and is therefore named as a hexane. There are methyl branches at carbons 3 


and 4. Hence the name is 3,4-dimethylhexane. ( You should name compound B after you study the 
next rule.) 


8. If substituent groups occur at more than one carbon of the principal chain, alternative 
numbering schemes are compared number by number, and the one 15 chosen that gives 
the smaller number at the first point of difference. 


This is one of the trickiest nomenclature rules. but it 15 easy to handle if we are systematic. 
To apply this rule, write the two possible numbering schemes derived by numbering from ei- 
ther end of the chain. In the following example, the two schemes are 3.3.5- and 3,5,5-. 

CH; 


2 | 4 


| . 

H4C—CH;— C—CH,—CH— CH;— CH, 
; Д ч 

GH CH; 


possible names: 
3,3,5-trimethylheptane (correct } 
3,5,5-trimethylheptane (incorrect) 


A decision between the two numbering schemes is made by a pairwise comparison of the 
number sets (3,3,5) and (2,5,5), 
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flaw to de a pairwise comparison: 


compare these first 


vampire these fus 


Because the five peat of difference im these sets oceurs at the second patrr—3 versus 5. the 
decision is made at this point, and the first scheme is chosen, hecause 3 is smaller than 5. If 
there are differences in the remaining numbers, they are ignored. The sum of the numbers is 
also irrelevant, Finally, it makes no ditlerence whether the names of the substituents are the 
same or different; only the numerical locations are used. 

The next rule deals with the order in which substituents are listed. or “eled.” in the name. 
Don 1 confuse the elation order of à substituent with its numerical prefix: they aren't neces- 
sarih the same. 


О. Substitient: groups are cited in. alphabetical order i the name regardless of their 
location im the principal chain, The atunerical prefixes dt, tri and so өн, as well as the 
hyphenated prefixes tert- and месе. are ignored in alphabetizing, bur the prefixes iso, 
nee, ond eyele are considered in alpliabetizing substituent eraups. 


The Following compounds шмше the application of this rule: 


Н.С СН. Р" жа CH, 
СН. ЄН, 


GH; 


3-ethy1-2-methylheptane 
Leti is cited before inet even 
though it has a higher number) 


CH, 


CH; CELCH, 


3-ethyl-5,5-dimethyioctane 
I note that еба begins 
with the letter i for 
purposes of citation? 


10. H the iumiberig of different groups is not resolved hv the other rules, the firsi-cited 
yreup receives the lowest mimber. 
In the following compound. rules 1—9 do not dictate a choice between the names 3S-ethsi- 


5-methylheptane and S-ethy1-3 methylheptane. Because the ethyl group is eted first in the 
name (rule 9). 1t recerves the lower number. by rule 10. 
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hoe е sr L е 
| 
CII, CH, 
3-ethyl-5-methylheptane 


Some situations of greater complexity. are not covered by these [0 rules; however, these 


rules wil «suffice Por most cases, 


dips | 2.5 Name the following compounds. 


(a) CH; CH; (bi compound В in Study Problem 2.4 on p. 62 
| | 
CH4CHCHCH;CHCH,; 
CH; 


(c) CH;CH;CH, "T CH, CH, 
CH,CH,CH;CHCHCH;CH.CH, CH;CH;CCH;CH;CHCIH, 
| 


D. Highly Condensed Structures 


When space is al a premium, parentheses are sometimes used to form highly condensed struc- 
lures that can be written on one hne, as m the Following example. 


CL. 


TOME OT (iClH,), Так 6 411; 


Cl]. 


When such structures are comples. it ts sometimes nob inmuediately obs ious, particularly 
to the beginner, which atem inside the parentheses ts connected to the atom outside the paren- 
theses, but a dille analysis will generally solve the problem. Usually the structure is drawn so 
that one of The parentheses intervenes between the atoms that are connected fexcept for ut- 
kached hydrogens However, i in doubt, look for the atom with the parentheses that is mtiss- 
ing its usual number of bonds. When the group inside the parentheses is CH. as in the previ- 
ous example, the carbon has only three bonds (to the Ps). Hence. it must he hound te the alon 
oulside the parentheses. Consider as another example the CEHLOH groups in the following 
sfc lure. 


ERG CHOW 
х / 
НЫС -— C Hec OT D. means CH — CH 
d . 

HAC CH OH 


Because the oxy gen ts bound to à carbon and to a hydrogen. it has its full complement of iso 
bonds (the to unshared pairs are understood), The carbon of each CH OH group. however, is 
hound to only three groups (two Hos and the О; henge, И is the atem that is connected to the 


carbon outside the parentheses. 


2.4 CONSTITUTIONAL ISOMERS AND NOMENCLATURE 65 


If the meaning of a condensed structure is not immediately clear, write it out ii less con- 
densed form. If you will take the time to do this in a few cases, it should not be long before the 
interpretation of condensed structures becomes more routine. 


Research in student learning strategies has shown that student success in organic chemistry 15 Aighiy 
correlated with whether a student takes the time to wrife out intermediate steps in a problem. Such 
steps in many cases involve writing structures and partial structures. Students may be tempted to skip 
such steps because they see their professors working things out quickly in their heads and perhaps 
feel that they are expected to do the same. Professors can do this because they have years of experi- 
ence. Most of them probably gained their expertise through step-by-step problem solving. [In some 
cases, the temptation to skip steps may be a consequence of time pressure. If you are tempted in this 
direction, remember that à step-by-step approach applied to relatively few problems is a better expen- 
diture of time than rushing through many problems, Study Problem 2.5 illustrates а step-by-step ap- 
proach to a nomenclature problem. 


| Study Problem 2.5 1 
— Write the Lewis structure of 4-sec-buty]-5-ethyl-3-methyloctane, Then write the structure in à 
condensed form. 


Solution To this point, we've been giving names to structures. This problem now requires that 
we work “in reverse" and construct a structure from a name. Don't try to write out the structure 
immediately; rather, lake a systematic, stepwise approach involving intermediate structures. First. 
write the principal chain. Because the name ends in octane, the principal chain contains eight car- 
bons. Draw the principal chain without its hydrogen atoms: | 


оссе ee 
Next, number the chain from either end and attach the branches indicated in the name at the ap- 


propriate positions: a sec-butyl group at carhon-4, an ethyl group at carbon-5, and а methyl group 
at carbon-3. (Use Table 2.2 to learn or relearn the structure of a sec-butyl group. if necessary.) 


НС + ЄН, =u СНА sec- butyl group 


Себа ШШ (Сое ЧЕ E 
| і 3| 4 J 6 7 s 


CH; — CH,—CH; 


Finally, fill in the proper number of hydrogens at each carbon of the principal chain so that each 
carbon has a total of four bonds: 


H4C—CH;—CH —CH,; 
HiC—CH,—CH —CH — CH — CH; —CH; — CH; 
CH, CH,—CH; 
4-sec-butyl-5-ethyl-3-methyloctane 


To write the structure in condensed form, put like groups attached to the same carbon within 
parentheses. Notice that the structure contains within it two sec-butyl groups (red in the following 
structure), even though only one is mentioned in the name: the other consists of a methyl branch 
and part of the principal chain. 


H,C—CH,—CH—CH,; 
тн Se Ro [> (CH.CH,CH},CHCHCH;CH,CH, 
CH; CH,;—CH, CH, CH;CH, 
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Nomenclature and Chemical Indexing 


The world's chemical knowledge is housed in the chemical literature, which is the collection of 
books, journals, patents, technical reports, and reviews that constitute the published record of chem- 
ical research.To find out what, if anything, is known about an organic compound of interest, we have 
to search the entire chemical literature. To carry out such a search, organic chemists rely on two 
major indexes. One is Chemical Abstracts, published by the Chemical Abstracts Service of the Ameri- 
can Chemical Society, which has been the major index of the entire chemical literature since 1907. 
The second index is Beilstein's Handbook of Organic Chemistry, known to all chemists simply as Bejl- 
stein, which has published detailed information on organic compounds since 1881. Initially, a search 
of these indexes was a laborious manual process that could require hours or days in the library. 
Today, however, both Chemical Abstracts and Beilstein have efficient search engines that enable 
chemists to search for chemical information from a personal computer. Nomenclature plays a key 
role in locating chemical compounds, particularly in Chemical Abstracts, but it is also possible to 
search for a compound of interest by submitting its structure. А search of Chemical Abstracts yields a 
short summary, called an abstract, of every article that references the compound of interest, along 
with a detailed reference to each article. Beilstein yields not only the appropriate references but also 
detailed summaries of compound properties. 


PROBLEMS 
| PROBLEMS 2.6 Draw structures for all isomers of (a) heptane and (b) hexane. Give their systematic names. 


2.7 Name the following compounds. Be sure to designate the principal chain properly before con- 
structing the name. 
(a) Т AM d ACE 
Tu CH, 
CH ;— CH; Ж. CH, 
(b) CH, G-H; 
о 6 CR IER EDI 
CH; CH; 


2.8 Draw a structure for (CH,CH,CH,),;CHCH(CH,CH,), in which all carbon-carbon bonds аге 
shown explicitly: then name the compound. 


2.9 Draw the structure of 4-isopropyl-2,4,5-trimethylheptane. 


E. Classification of Carbon Substitution 


When we begin our study of chemical reactions, it will be important to recognize different 
types of carbon substitution in branched compounds, A carbon is said to be primary, 
secondary, tertiary, or quaternary when it is bonded to one, two, three, or four other 
carbons, respectively. 


primary carbons 


PL 
„= _ 


"d CH; CH; quaternary carbon 
2 al 
H+ — Н, 1—4 H,—CH——— С — СН, 
E 4 "n 
secondary carbons “Н; | 


tertiarv carbnn 4 
Y primary carbons 
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Likewise, the hydrogens bonded to each type of carbon are called primary, secondary, or ter- 
Gary hydrogens. respectively. 


primary hydrogens 


- 
E - 
p E. 


ай к. ^ 


P "Oh. h 
a | | 
HC — CH.— Cll. — GH— C — CH. 
` f | w 


CH, =— primary hydrogens 
secondary hydrogens 


tertiary hydrogen 


PROBLEMS 


ә 
© 


In the structure of 4-isopropyl-2,4,5-trimethylheptane (Problem 2.9) 

(a) Identify the primary, secondary, tertiary, and quaternary carbons. 

(b) Identify the primary, secondary, and tertiary hydrogens. 

(c) Circle one example of each of the following groups: a methyl group; an ethyl group; an 
isopropyl group: a sec-butyl group: an isobutyl group. 


rh 


Identify the ethyl groups and the methyl groups in the structure of 4-sec-butyl-5-ethyl-3- 
methyloctane, the compound discussed in Study Problem 2.5. Note that these groups are not 
necessarily confined to those specifically mentioned in the name. 


CYCLOALKANES AND SKELETAL STRUCTURES 


some alkane contain carbon chains in closed loops, or rings; these are called cycloalkanes. 
Cycloalkanes are named by adding the prefix evc/o to the name of the alkane. Thus, the six- 
membered cycloalkane is called evclohiexane. 


H.C. „СН, 
CH, 


cyclohexane 


The names and some physical properties of the simple cycloalkanes are given in Table 2.3. 
The general formula for an alkane containing a single ring has two fewer hydrogens than that 
of the open-chain alkane with the same number of carbon atoms. For example, cyclohexane 
has the formula C,H,,, whereas hexane has the formula C,H,,. The general formula for the cy- 
cloalkanes with one ring is С.Н... 

Because of the tetrahedral configuration of carbon in the cycloalkanes, the carbon skeletons 
of the cycloalkanes (except for cyclopropane) are not planar. We'll study the conformations of 
cycloalkanes in Chapter 7. For now, remember only that planar condensed structures for the 
cycioalkanes convey no information about their conformations. 


skeletal Structures An important structure-drawing convention is the use of skeletal 
structures, which are structures that show only the carbon-carbon bonds. In this notation, a 
cycloalkane is drawn as a closed geometric figure. In a skeletal structure, it is understood that 
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TABLE 2.3 Physical Properties of Some Cycloalkanes 


Compound Boiling point (^C) Melting point (^C) Density (g ті!) 
cyclopropane 32.7 127.6 — Д 
cyclobutane 12.5 - 50.0 — 
cyclopentane 49,3 93.9 0.7457 
cyclohexane 80.7 6.6 0.7786 
cycloheptane 118,5 -12.0 0.8098 


cyclooctane 150.0 14.3 0.8340 


à carbon is located at each vertex of the figure, and that enough hydrogens are present on 
each carbon to fulfill its tetravalence. Thus. the skeletal structure of cyclohexane is drawn as 


follows: 
a а carbon and two hydrogens 
are at each vertex 


Skeletal structures may also be drawn for open-chain alkanes. For example, hexane can be 
indicated this way: 
Н, Н» CH 
p iip ps ze ur 3 
P dac ee for H3;C CH; CH; 


When drawing a skeletal structure for an open-chain compound, don't forget that carbons are 
not only at each vertex, but also at the ends of the structure. Thus, the six carbons of hexane in 
ihe preceding structure are indicated by the four vertices and two ends ot the skeletal structure. 
Here are two other examples of skeletal structures: 


2,6-dimethyidecane isopropylcyclopentane 


3,3,4-triethylhexane 


Nomenclature of Cycloalkanes The nomenclature of cycloalkanes follows essentially 
the same rules used for open-chain alkanes. 


CH 
Ps ЖЕН, 
Б, Н, [ | 
—— 4 ч. 3 38 | 
| + | Н.С f A C.H; 
methylcyclobutane 1,3-dimethylcyclobutane 1-ethyl-2-methylcyclohexane 


(Note alphabetical citation, 
rule 9.) 


Study Problem 2.6 


Study Problem 2.7 
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The numerical prefix l- 15 not necessary for monosubstituted cycloalkanes. Thus, the first 
compound is methylcyclobutane, not 1-methyleyclobutane. Two or more substituents, how- 
ever, must be numbered to indicate their relative positions. The lowest number is assigned in 
accordance with the usual rules. 

Most of the cyclic compounds in this text, like those in the preceding examples, involve 
rings with small alkyl branches. In such cases, the ring is treated as the principal chain. How- 
ever, when а noncyclic carbon chain contains more carbons than an attached ring, the ring is 
treated as the substituent. 


CH,CH,CH;CH,CH,—< | 


1-cyclopropylpentane 
(not pentvlcyclopropane! 


Name the following compound. 


Solution This problem, in addition to illustrating the nomenclature of cyclic alkanes, is a eood 
illustration of rule 8 for nomenclature, the "first point of difference" rule (p. 62). The compound is 
а cyclopentane with two methyl substituents and one ethyl substituent. If we number the ring car- 
bons consecutively, the following numbering schemes (and corresponding names) are possible, 
depending on which carbon is designated as carbon- l: 


1,2,4- 4-ethyl-1.2-dimethylcyclopentane 

[,3,4- | -ethyl-3,4-dimethyleyclopentane 

1,3,5- 3-ethyl-1,5-dimethylcvclopentane 
The correct name is decided by nomenclature rule 8 using the numbering schemes (nor the names 
themselves). Because ali numbering schemes begin with 1, the second number must be used to 


decide on the correct numbering. The scheme 1,2,4- has the lowest number at this point. 
Consequently, the correct name is 4-ethyl-1.2-dimethyleyclopentane. 


Draw a skeletal structure of tert-butylcyclohexane. 


Solution The real question in this problem is how to represent a tert-butyl group with a skeletal 
structure. The branched carbon in this group has four other bonds, three of whicb go to CH, 
groups. Hence: 


2 ES - one carbon js at the 
| i end of each branch 


skeletal structure of 
tert-butylcyclohexane 
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M 
disci is 2.12 Represent each of the following compounds with a skeletal structure. 
(a) nb 
CH, 
(b) ethyleyclopentane 
2.3 Name the following compounds. 
(a) (b) CH, 


CH:CH; 
НА. 


2.14 How many hydrogens are m an alkane of 2 carbons containing (а) two rings? (b) three rings? 
(c) m rings? 

2.15 How many rings does an alkane have if its formula is (а) C,H a? 1b) C.H,.? Explain how you 
know. 


PHYSICAL PROPERTIES OF ALKANES 


Each time we come rto а new family of organic compounds. well consider the trends in their 
melling points. hoiling points, densities. and solubilities. ccllevctis referred to as their prva- 
iced! properties. The physical properties of ал organe compound are important because they 
determine the conditions under which the compound is handled and used. For example. the 
torm in which a drus is manufactured and dispensed is affected by 118 physical properties. In 
vommereial agriculture, ammonia ta gas at ordinary tempeiztures? and urea da erystalline 
solidi are both very Important sources of nitrogen. bur their physical properties dictate that 
thes are handied and dispensed in very different says, 

Your goal should sor be to memorize physical properties of individual compounds, but 
rather to learn to predict trends in how physical properties vary with structure. 


A. Boiling Points 


The boiling point is the temperature al Which the vapor pressure of a substance equals atmos- 
pheric pressure (which is typically 760 mm Ae). Table 2.1 shows that there is a regular change 
in the hoiling points of the unbranched alkanes with tpereasing number of carbons. This trend 
of borling pomi within the series of unbranched alkanes is particularly apparent in а plot of 
heiling point. against carbon. number (Fig. 2.7) The левое moerease m boiling point of 
20 300 C per carbon онат а series ix a general trond observed fer талу гурех of ür- 
nie сотроинч. 

VW hat rs the reason for this inerease? The key point for understanding this trend is that Boil- 
Pitermolecular ut- 


ing ponts are a erude measure of the attractive forces among molecules 
іғасполА an the leaned slate. The greater are these intermolecular attractions. the more energy 
(heat. higher temperature) it dukes to overcome them so thal the molecules escape into tho gas 
phase, in whieh such attractions do not exist, fae greater are the mtenmolecular attractions 
илин a па, the greater is the batting petit, Now, itis important to understand that there 
are no covalent bonds between molecules; amd furthermore, that мего аг atiractions 
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Figure 2.7 Bailing points of some unbranched alkanes plotted against number of carbon atoms. Notice the 
steady increase with the size of the alkane, which is in the range of 20 30°C per carbon atom. 


have gering to do with the strengths of the covalent bonds within the molecules themselves. 
Whal, then. is the origin ol these intermolecubar attractions? 

In Chapter 1. we learned that electrons in bonds are not confined between the nuclei but 
rather reside in bonding molecular orbitals that surround the nucle: We ean think of the total 
electron distribution as an "electron cloud.” Electron clouds are rather “squishy” und ean un- 
dergo distortions, Such distortions occur rapidly. and at random. and when they occur. they re- 
sult in the temporary formation of regions of local positive and negate ehargez that is, these 
distortions cause a temporary dipole moment within the molecule (Fig. 2.8, p. 72), When а 
second molecule is located nearby. its electron cloud distorts to form a complementary dipole. 
called an induced dipole. The positive charge in one molecule is attracted to the negative 
charge in the other. The attraction between temporary dipoles. called a van der Waals attrac- 
tion or à dispersion interaction. is the cohesive interaction (hat must be overcome to vapor- 
ire a liquid. Alkanes do ef have signiticant permanent dipole moments. The dipoles dis- 
cussed here are zemiporeary, and the presence of a temporary dipole in one molecule induces a 
temporary dipole in another. We might say. “Nearness makes the molecules grow fonder 

Now we are ready lo understand why larger molecules have higher boiling points; Van der 
Waals attractions increase with the surface areas of the interacting electron clouds. That is, the 
karger the inleracüng surfaces, the greater the magnitude of the induced dipoles. A larger mole- 
cule has a greater surface area of electron clouds and therefore erealer van der Waals interactions 
with other molecules. [t Follow. then. that large molecules haye higher boiling points. 

The аре of à molecule is also important in determining its boiling point. For example, а 
comparison of the boiling point of the highly branched alkane neopentane (9.4 "C and its un- 
branched isomer pentane (46,1 "Cr is particularly striking. Neopentane has four methyl 
eroups disposed in a tetrahedral arrangement about a central carbon. As the tollowing spare- 
Hing models show. the molecule almost resembles a compact ball und could. [it readils 
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fa: the electron cloud of one 
t: molecules moving at random molecule distorts randomly 
approach each other to form à temporary dipole 


t >  4— 


ts: the dipole in one molecule induces 
f temporary dipoles dissipate a complementary dipale in the other 


<q  —— -фФ 
«= | 
— 
weak attractions develop 


between opposite cha rges 
{мап der Waals attractions! 


— 


Figure 2.8 A stop-frame cartoon showing the origin of van der Waals attraction. The frames are labeled r,, г, and 
so on, for successive points in time. The time scale is about 107? s. The colors represent electrostatic potential 
maps (EPMs). The green color of the isolated molecules (t, and tjj shows the absence of a permanent dipole mo- 
ment. As the molecules approach (f,), the electron cloud of one molecule undergoes a random distortion it) that 
produces a temporary dipole, indicated by the red and blue colors. This dipole induces a complementary charge 
separation (induced dipole) in the second molecule (t,), and attractions between the two dipoles result. Through 
random fluctuations of the electron clouds (t,), the temporary dipoles vanish. Averaged over time, this phenome- 
non results in a small net attraction. This is the van der Waals attraction, 


within a sphere. On the other hand, pentane is rather extended, ts ellipsoidal in shape, and 
would not fit within the same sphere. 


і Үү” 


neopentane: pentane: 
compact, nearly spherical extended, ellipsoidal 
The more a molecule approaches spherical proportions, the less surface area il presents 10 
other molecules. because a sphere is the three-dimensional object with the minimum surface- 
to- volume ratio. Because neopentane has less surface area at which van der Waals interactions 
with other neopentane molecules can occur, it has fewer cohesive interactions than pentane. 
and thus, a lower boiling point. 
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[n summary, by analysis of the boiling points of alkanes, we have learned two general 
trends in the variation of boiling point with structure: 


|. Boiling points increase with increasing molecular weight within a homologous series 
typically 20-30 °C per carbon atom. This increase is due to the greater van der Waals at- 
tractions between larger molecules. 

2. Boiling points tend 1o be lower for highly branched molecules that approach spherical pro- 
portions because they have less molecular surface available for van der Waals attractions. 


Melting Points 


The melting point of a substance is the temperature above which it ts transformed sponta- 
neously and completely from the solid to the liquid state. The melting point is an especially 
important physical property in organic chemistry because il is used both to identify organic 
compounds and to assess their purity. Melting points are usually depressed. or lowered, by im- 
purities. Moreover, the melting range (the range of temperature over which a substance melts), 
usually quite narrow for a pure substance, is substantially broadened by impurities. The melt- 
ing point largely reflects the stabilizing intermolecular interactions between molecules in the 
crystal as well as the molecular symmetry, which determines the number of indistinguishable 
ways in which the molecule fits into the crystal. The higher the melting point, the more stable 
is the crystal structure relative to the liquid state. Although most alkanes are liquids or gases 
at room temperature and have relatively low melting points, their melting points nevertheless 
illustrate trends that are observed in the melting points of other types of organic compounds. 

One such trend is that melting points tend to increase with the number of carbons (Fig. 2.9). 
Another trend is that the melting points of unbranched alkanes with an even number of carbon 
atoms lie on a separate, higher curve from those of the alkanes with an odd number of carbons, 
This reflects the more effective packing of the even-carbon alkanes in the crystalline solid 
state. In other words, the odd-carbon alkane molecules do not "Bt. together" as well in the 
crystal as the even-carbon alkanes. Similar alternation of melting points is observed in other 
series of compounds, such as the cycloalkanes in Table 2.3. 
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Figure 2.9 Aplot of melting points of the unbranched alkanes against number of carbon atoms. Notice the gen- 
eral increase of melting point with rnolecular size. Also notice that the alkanes with an even number of carbons 
(red) lie on a different curve from the alkanes with an odd number of carbons (blue). This trend is observed in a 
number of different types of organic compounds. 
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Branched-chain hydrocarbons tend to have lower melting points than linear ones because 
the branching interferes with regular packing in the crystal. When a branched molecule has a 
substantial symmetry, however, its melting point is typically relatively high because of the 
ease with which symmetrical molecules fit together within the crystal. For example, the melt- 
ing point of the very symmetrical molecule neopentane, — 16.8 °C, is considerably higher than 
that of the less symmetrical pentane, — 129,8 ^C. (See models on p. 72.) Compare also the 
melting points of the compact and symmetrical molecule cyclohexane, 6.6 °C, and the ex- 
tended and less symmetrical hexane, —95.3 °С, 

In summary, melting points show the following general trends: 


Melting points tend to increase with increasing molecular mass within a series. 

Many highly symmetrical molecules have unusually high melting points. 

A sawtooth pattern of melting point behavior (see Fig. 2.9) is observed within many ho- 
mologous series. 


LÀ xal ae 


PROBLEMS ЙАШ | | | 
| PROBLEMS 2.16 Match each of the following isomers with the correct boiling points and melting points. Ex- 


plam your choices. 

Compounds: 2,2,3,3-tetramethylbutane and octane 
Boiling points: 106.5 °C, 125.7 °C 

Melting points: —56.8 °С, +100.7 °C 


2.17 Which compound has (a) the greater boiling point? (b) the greater melting point? Explain. 
(Hint: What is the geometry of benzene?) 


H H H H 


benzene toluene 


C. Other Physical Properties 


Among the other significant physical properties of organic compounds are dipole moments, 
solubilities, and densities. A molecule’s dipole moment (Sec. 1.2D) determines its polarity. 
which, in turn, affects its physical properties. Because carbon and hydrogen differ little in their 
electronegativities, alkanes have negligible dipole moments and are therefore nonpolar mole- 
cules. We can see this graphically by comparing the EPMs of ethane, with a dipole moment of 
zero, and fluoromethane, a polar molecule with a dipole moment of 1.82 D. 


EPM of ethane EPM of fluoromethane (H4C—F) 


Solubilities are important in determining which solvents can be used to form solutions; 
most reactions are carried out in solution. Water solubility is particularly important for several 


PROBLEMS 
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Figure 2.10 The lower density of hydrocarbons and their insolubility in water allows an oil spill in fload waters 
to be contained by plastic tubes at a Texas refinery in the aftermath of Hurricane Rita in 2005. 


reasons. For one thing. water is the solvent in biological systems. For this reason, water solu- 
bility is a crucial factor in the activity of drugs and other biologically important compounds. 
There has also been an increasing interest in the use of water as a solvent for large-scale chem- 
ical processes as part of an effort to control environmental pollution by organic solvents. The 
water solubility of the compounds to be used in a water-based chemical process is crucial. 
(We'll deal in greater depth with the important question of solubility and solvents in Chapter 
8.) The alkanes are, for all practical purposes. insoluble in water—thus the saying. "Oil and 
water don't mix." (Alkanes are a major constituent of crude oil.) 

The density of a compound is another property, like boiling point or melting point, that de- 
termines how the compound is handled. For example. whether a water-insoluble compound is 
more or less dense than water determines whether it will appear as a lower or upper layer when 
mixed with water, Alkanes have considerably lower densities than water. For this reason. a 
mixture of an alkane and water will separate into two distinct layers with the less dense alkane 
layer on top. Ап oil slick is an example of this behavior (Fig. 2.10). 


2.18 Gasoline consists mostly of alkanes. Explain why water is not usually very effective in extin- 

guishing a gasoline fire. 

2.19 (a) Into a separatory funnel is poured 50 mL of CH,CH,Br (bromoethane), a water-insoluble 
compound with à density of 1.460 g/mL, and 50 mL of water. The funnel is stoppered and 
the mixture is shaken vigorously. After standing, two layers separate. Which substance ts 
in which layer? Explain. 

(b) Into the same funnel is poured carefully 50 mL of hexane (density = 0.660 g/mL) so that 
the other two layers are not disturbed. The hexane forms a third layer. The funnel is stop- 
pered and the mixture is shaken vigorously. After standing. nwo layers separate. Which 
compound(s) are in which layer? Explain. 
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COMBUSTION 


Alkines are among the least reactive types of organic compounds, They do not react with 
common асн or bases, nor do they react with common oxidizimg or reducing agents. 

Alkanes do, however, share one type of reactivity with many other ty pes of organic eon: 
pounds: they are flammahle. This means that thes. react rapidly with oss gen to give carbon 
dioxide and water. provided that the reaction is initiated by а suitable heat source. such as a 
flame or the spark from a spark plug. This reaction is called combustion. For example. the 
combustion of methane. Ihe major alkane in natural gas, is written as Follow s, 


This reaction is an example of compiere cembistiei: combustion in which carbon dioxide and 
water are the only products, Under conditions of oxygen deficiency, incomplete combustion 
mas also occur with the formation of such byproducts as carbon monoxide; CO, Carbon 
monoxide is а deadly poison because it bonds ta. and displaces oss gen trom, hemoglobin. the 
protein in red blood cells that transports oxy gen to Qssues, IH is also colorless and odorless, and 
ts therefore difficult to detect without special equipment, 

The fact that we can carry а container ol gasoline in the open air without tis going up m 
Humes shows that simple mixing of alkanes and oxygen does not initiate combustion. However. 
anee a small amount of heat is applied (n the form ofa ame or a spark from à spark plug), the 
combustion reaction proceeds vigorously with the liberation of large amounts of energy. 

Combustion is of Iremendous commeretal importance hecause 1t liberates enerey thal can 
he used to keep us warm. generate electricity, ar move motor vebictes. However, combustion 
also liberates large amounts of carbon dioxide and waler. 


Cui, + ©). —— НЕС, + OTTO 


octane or carbon 
its Iso mers dioxide [2 


As Eg. 2.2 illustrates; even carbon atom of a hydrocarbon combines wit to Шолу of oxy- 
een lo generate а molar equivalent of carbon dioxide. und even pair of hydrogens combines 
Wath one oxygen alom to generate a molar equivalent of water. The atmosphere eun hold a rel- 
atively small amount of water, and when that is exceeded. water returns to the Earth as ram or 
snow, However, natural processes of removing carbon dioxide from the aimesphere are Hm- 


about 290 parts per million (ppm). the amount ol CO, in the Earth's atmosphere began to rise 
dramatically with the advent of the industrial age. The CO, level now approaches 400 ppm. an 
increase of more than one-third (Fig. 2.1 E). Most of this Inerease has taken place in the last 30 
sears. Because so much of itis produced. carbon dioxide is the most signiticant of several 
compounds Known to be greenliemnse gases, atmospherie compounds that act us a heat-reltec- 
tive blanket over fhe Earth; Most seientists are now convinced that the temperature of the 
Barth is being increased by the effect of greenhouse gases; this phenomenon is known as 
global wanting, These scientists believe that global warming ts beginning to have significant 
ads erse environmental consequences. such as an merease m the intensity of hurricanes, the 
rapid receding of glaciers, and the loss of animal amd plani species at an imnereased rate. Global 
arming predicts that ultimately the ocean levels will rise as polar ice melts. and coastal Пос 
ing that will dispiace hundreds of milhons of people will likely occur. As a result af these con- 
cerns. along with eoneerns about the political instability of the oil-producing regions of the 
world. the development of alternative fuels hits become increasing urgent. Ideally. the goal 
Is To produce cheap and abundant Fuels that will not. on combustion, inereuse the ner CO. con- 
tent ol the atmosphere. i This issue is considered further in Sec. МЧС 
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Figure 2.11 Atmospheric CO, levels for the past 1000 years. The data prior to 1958 were obtained from air bub- 
bles trapped in dated ice core samples. More recent data were obtained from air sampling towers on Mauna Loa, 
Hawaii, by the Scripps Institute of Oceanography (1958-1974) and the National Oceanic and Atmospheric Admin- 
istration (NOAA, 1974-present). The inset shows data obtained since 1975 in more detail. These data show the sea- 
sonal fluctuations normally observed in CO, levels. Notice the continuous rise in CO, levels since the nineteenth 
century. 


Combustion finds a minor but important use as an analytical tool for the determination of 
molecular formulas. In this type of analysis, the mass of CO, produced in the combustion of a 
known mass of an organic compound is used to calculate the amount of carbon in the sample. 
Similarly. the mass of Н.О produced is used to calculate the amount of hydrogen in the sam- 
ple. (Procedures have been developed for the combustion analysis of other elements.) Com- 
bustion analysis is illustrated in Problems 2.43 and 2.44 on p. 86. 


| PROBLEMS PE 
| PROBLEMS | 220 Give a general balanced reaction for 


(a) the complete combustion of an alkane (formula C, H.,,.). 
(b) the complete combustion of а cycloalkane containing one ring (formula C,H,, ). 


2.21 Calculate the number of pounds of CO, released into the atmosphere when a |5-gallon tank 
of gasoline in burned in an automohile engine. Assume complete combustion. Also assume 
that gasoline is a mixture of octane isomers and that the densily of gasoline is 0.692 g mL’. 
(This assumption ignores about 10 volume percent of oxygenated additives.) Useful conver- 
sion factors: | gallon = 3.785 L: 1 kg = 2.204 Ib. 

Carv and Di Oxhide drive their family car about 12,000 mile per year. Their car gets about 25 
miles per gallon of gasoline. What is the “carbon footprint" (pounds of CO, released into the 
atmosphere) of the Oxhide family car over one year? (Use the assumptions and conversion 
factors in Problem 2.21.) 
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OCCURRENCE AND USE OF ALKANES 


Most alkanes come from petroleum, or crude oil. (The word petroleum comes from the Latin 
words for "rock" and “oil”: thus, “oil from rocks") Petroleum is a dark, viscous mixture com- 
posed mostly of alkanes and aromatic hydrocarbons (benzene and its derivatives) that are sep- 
arated by a technique called fractional distillation. In fractional distillation, a mixture of 
compounds is slowly boiled; the vapor is then collected, cooled, and recondensed to а liquid. 
Because the compounds with the Jowest boiling points vaporize most readily, the condensate 
from a fractional distillation is enriched in the more volatile components of the mixture. As 
distillation continues. components of progressively higher boiling point appear in the conden- 
sate. A student who takes an organic chemistry laboratory course will almost certainly become 
acquainted with this technique on a laboratory scale, Industrial fractional distillations are car- 
ried out on a large scale in fractionating towers that are several stories tall (Fig. 2.12). The typ- 
ical fractions obtained from distillation of petroleum are shown in Fig. 2.13. 

Another important alkane source is natural gas, which is mostly methane. Natural gas 
comes from gas wells of various types. Significant biological sources of methane also exist 
that could someday be exploited commercially. For example, methane is produced by the ac- 
tion of certain anaerobic bacteria (bacteria that function without oxygen) on decaying organic 
matter (Fig. 2.14, p. 80), This type of process, for example, produces "marsh gas,” as methane 
was known before it was characterized by organic chemists. This same biological process can 
be used for the production of methane from animal and human waste. Methane produced this 
way is becoming practical as a local source of power (Fig. 2.14). The methane is burned to 
produce heat that is converted into electricity. Although this process generates carbon dioxide. 
the source of the carbon is the food eaten by the humans and animals, and the carbon in that 
food comes from atmospheric carbon dioxide by photosynthesis. In other words, the CO, pro- 
duced in this process is "recycled CO,” and does not contribute to a net increase in atmos- 
pheric СО, 


Figure 2.12 Fractionating towers such as these are used in the chemical industry to separate mixtures of com- 
pounds on the basis of their boiling points. 


. DECREASING TEMPERATURE 
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Fraction Fraction Number of Typical 
name temperature carbons use 


gasoline 


naphtha 70-120 °C 


diesel fuel 


automobile fuel 


chemical feedstock 


light fuel oil 240-320 °C 


heavy oil 320-500 °C lubricants, heating oi 
asphalt, tar shove 500 С road surfacing 


hent 


Figure 2.13 Schematic view of an industrial fractionating column. The temperature of the column decreases 
from bottom to top. Crude oil is introduced at the bottom and heated. As the vapors rise, they cool and condense 
to liquids. Fractions of progressively lower boiling points are collected from bottom to top of the column.The fig- 
ure shows typical fractions, their boiling points, the number of carbons in the compounds collected, and the typ- 
ical uses of each fraction after further processing. 


Alkanes of low molecular mass are in great demand for а variety of purposes—especially 
as motor fuels—and alkanes available directly from wells do not satisfy the demand. The pe- 
troleum industry has developed methods (called catalytic cracking) for converting alkanes of 
high molecular mass into alkanes and alkenes of lower molecular mass (Sec. 5.8). The petro- 
leum industry has also developed processes (called reforming) for converting unbranched 
alkanes into branched-chain ones. which have superior ignition properties as motor fuels. 

Typically. motor fuels, fuel oils, and aviation fuels account for most of the world's hydro- 
carbon consumption. An Arabian oil minister once remarked. "Oil is too precious to burn.” He 
was undoubtedly referring to the important uses for petroleum other than as fuels. Petroleum 
wil] remain for the foreseeable future the principal source of carbon, from which organic start- 
ing materials are made for such diverse products as plastics and pharmaceuticals. Petroleum 1s 
thus the basis for organic chemical feedstocks—the basic organic compounds from which 
more complex chemical substances are fabricated. 
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Figure 2.14 Manure fermenters at Fair Oaks Farms, a large commercial dairy farm in northwestern Indiana, are 
used to produce methane from cow manure. Electricity produced from burning the methane is fed into the local 
power grid. The power produced is frequently sufficient to support a large fraction of the farm's power require- 
ments. Such fermentations are carried out by methanogens (methane-producing bacteria). The inset shows 
Methanococcus voltae, one of many known methanogen strains. This bacterium was named for Alessandro Volta, 
who, in 1776,collected “combustible air" (methane) that was liberated while he was exploring a marshy section of 
Lake Maggiore in northern Italy. 


Alkanes as Motor Fuels 


Alkanes vary significantly in their quality as motor fuels. Branched-chain alkanes are better motor 
fuels than unbranched ones. The quality of a motor fuel relates to its rate of ignition in an internal 
combustion engine. Premature ignition results in "engine knock," a condition that indicates poor en- 
gine performance. Severe engine knock can result in significant engine damage. The octane number 
is a measure of the quality of a motor fuel: the higher the octane number, the better the fuel. The oc- 
tane number is the number you see associated with each grade of gasoline on the gasoline pump. 
Octane numbers of 100 and 0 are assigned to 2,2,4-trimethylpentane and heptane, respectively. Mix- 
tures of the two compounds are used to define octane numbers between 0 and 100. For example, a 
fuel that performs as well as a 1:1 mixture of 2,2,4-trimethylpentane and heptane has an octane num- 
ber of 50. The motor fuels used in modern automobiles have octane numbers in the 87-95 range. 

Various additives can be used to improve the octane number of motor fuels. In the past, 
tetraethyllead, (CH,CH,),Pb, was used extensively for this purpose, but concerns over atmospheric 
lead pollution and the use of catalytic converters (which are adversely affected by lead) resulted in 
a phase-out of tetraethyllead over the period 1976—1986 in the United States and in the European 
Union by 2000.This was followed by the use of methyl tert-butyl ether [MTBE, (CH,),C —O—CH,] as 
the major gasoline additive. After a meteoric rise in MTBE production, this compound became an 
object of environmental concern when its leakage from storage vessels into groundwater was dis- 
covered in several communities in the mid-1990s. Because MTBE has shown some carcinogenic 
(cancer-causing) activity in laboratory animals, many cities and states have enacted a phase-out of 
MTBE usage as a gasoline additive. Ethanol (ethyl alcohol) can be used as a substitute for MTBE, and 
ethanol is produced by the fermentation of sugars in corn. Farming interests in the United States 
have advocated the use of ethanol for fuel, and it appears that the MTBE in gasoline will soon be re- 
placed by ethanol in the United States. The demand for ethanol is so great that the price of corn has 
escalated sharply. This increase, in turn, has had a noticeable impact on the price of foods that de- 
pend on corn as an animal food source (for example, milk, chicken, and beef). MTBE, ethanol, and 
other oxygen-containing additives are collectively referred to as oxygenates within the fuel industry. 
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In the 19A, the мог experienced a period in whieh a relative scareits of petroleum prod- 
ucts was cutised largely by politieal forces, The resulting dramatie etfeets on energy prices and 
Ihe consequences in all sectors of the economy afferded a tiny. toretaste of a chaotic world in 
Which energy is in truly short supply. In 2003 _ oil prices and natural gas prices (ihe latter as a re 
sult of Hurricane Katrina) again reached record highs. There is no doubt urat eventually the world 
will exhaust tts natural petroleum reserves, [tis thus important that scientists develop new sources 
of energy, wich may include new wass of producing petroleum from renew able sources. 


FUNCTIONAL GROUPS, COMPOUND CLASSES, AND 
THE "R" NOTATION 


A. Functional Groups and Compound Classes 


Alkanas are the conceptual “rootstock” of organie chemistry. Replacing € —H bonds of alki- 
nes gives the mans functional groups of organic chemistry. A functional group is a charac- 
teristieally bonded group of atoms that has about (he same chemical reactivity whenever it oc- 
curs in a Variety of compounds. Compounds that contain the same functional group comprise 
a compound class. Consider the following examples: 


HAC, I Ы O 
С=С 11<c—C—OH н 
H | H OH 
isobutylene ethyl alcohol acetic acid 
J | 
functional group: С == functional group: —‹( OH functional group COH 


compound s hiss Garbo vic acid 


compound class: alkene compound class: ak ohal 


For example, the functional group that is characteristic of the alkene compound class is the 
carbon-carbon double bond. Most alkenes undergo the same (pes of reactions, and these re- 
actions oveur at er near the double bond. Similari. all compounds in the aleohoi compound 
Class contain an — OH group bound to the carbon atem of an alkyl group. The characteristic 
OH group or the directly atached carbon. and this une- 
попа group undergoes the same general chemical гапхот regardless of the structure 


reactions of aleoehols eceur ab the 


of the remainder of the molecule. Needless lo sas. some compounds ean contam more than one 
functional eroup. Such compounds pelong to more than ene compound class. 


i} 
if 
[l.c —€C6H — €. 
OH 
acrylic acid 
contains both ¢.—= € and COJI funcional groups 


and is thus both an alkene and a carboxylic acid 


The organization ef this text is centered for the most part on the common functional groups 
and corresponding compound classes. Although you will studs in detail each major functional 
group in subsequent chapters. xou should learn to recognize the vommon funcional groups 
and compound classes now. These are shown on the inside tront cover. 
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B. "R" Notation 
Sometimes we'll want to use a general structure to represent an entire class of compounds. In 


such a case, we can use the R notation, in which an R is used to represent all a/kv/ groups 
(Sec. 2.4C). For example, R—CI can be used to represent an alkyl chloride, 


Ке 
R—Ęl could represent HiC—CI ( H—Gl | a 
H.C 


R— = H& R— = (CH4),CH- R— = cyclohexyl— 


Just as alkyl groups such as methyl. ethyl. and isopropyl are substituent groups derived 
from alkanes, aryl groups are substituent groups derived from henzene and its derivatives. 
The simplest aryl group is the phenyl group, abbreviated Ph—. which is derived from the hy- 
drocarbon benzene. Notice that each ring carbon of an aryl group not joined to another group 
bears a hydrogen atom that is not shown. (This is the usual convention for skeletal structures; 
see Sec. 2.5.) 


H H 
H H 
H H skeletal structure of 
benzene 
d benzene 


)— CH=CH, can be written Ph— CH=CH; 
if M— ы = 


А Ps к= 
` + Й me 


phenyl group — 


Other aryl groups are designated by Ar—. Thus, Ar—OH could refer to any one of the fol- 
lowing compounds, or to many others. 


C] 
Fi pe b M là | bt Я 
Ar—OH could represent H;C—, „—ОН TI A pOH 
w ^ j Fi x à 7 Р y 
CI 
where Ar— = Hf \ a a \ ff 


Although vou will not study benzene and its derivatives until Chapter 15, before then you will 
see many examples in which phenyl and aryl groups are used as substituent groups. 


PROBLEMS А 
| PROBLEMS | 2.23 Draw a structural formula for each of the following compounds. (Several formulas may һе 
possible in each case.) 


(а) a carboxylic acid with the molecular formula С,Н,О, 
(b) an alcohol with the molecular formula С.Н О 
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2.24 А certain compound was found to have the molecular formula C,H,,O.. To which of the fol- 
lowing compound classes could the compound belong? Give one example for each positive 
answer, and explain any negative responses. 


an amide an ether 


a carboxylic acid aphenol analcohol ап ester 


KEY IDEAS IN CHAPTER 2 


Alkanes are hydrocarbons that contain only 
carbon-carbon single bonds; alkanes may contain 
branched chains, unbranched chains, or rings. 


Alkanes have sp*-hybridized carbon atoms with tetra- 
hedral geometry. They exist in various staggered con- 
formations that rapidly interconvert at room tempera- 
ture. The conformation that minimizes van der Waals 
repulsions has the lowest energy and is the predomi- 
nant one. In butane, the major conformation is the anti 
conformation; the gauche conformations exist to a 
lesser extent. 


Isomers are different compounds with the same mol- 
ecular formula. Compounds that have the same mole- 
cular formula but differ in their atomic connectivities 
are called constitutional isomers. 


Alkanes are named systematically according to the 
substitutive nomenclature rules of the IUPAC. The 
name of a compound is based оп its principal chain, 
which, for an alkane, is the longest continuous carbon 
chain in the molecule, 


The boiling point of an alkane is determined by van 
der Waals attractions between molecules, which in 
turn depend on molecular size and shape. Large mol- 


ecules have relatively high boiling points; highly 
branched molecules have relatively low boiling points. 
The boiling points of compounds within a homolo- 
gous series increase by 20-30 °С per carbon atom. 


Melting points of alkanes increase with molecular 
mass. Highly symmetrical molecules have particularly 
high melting points. 


Combustion is the most important reaction of alka- 
nes. It finds practical application in the generation of 
much of the world's energy. 


Alkanes are derived from petroleum and are used 
mostly as fuels; however, they are also important as 
raw materials for the industrial preparation of other 
organic compounds. 


Organic compounds are classified by their functional 
groups. Different compounds containing the same 
functional groups undergo the same types of 
reactions. 


The "R" notation is used as a general abbreviation for 
alkyl groups; Ph is the abbreviation for a phenyl group, 
and Ar is the abbreviation for an aryl (substituted 
phenyl) group. 


ADDITIONAL PROBLEMS 


2.25 Given the boiling point of the first compound in each 


set, estimate the boiling point of the second. 
(a CH;CH;CH:;CH;CH;CH,;Br (bp 155 2) 
CHCHCH-CH-CH-CH CHBr 


(h) 


| 
CH:CCH;CH:CH;CH; 
о 


(bp 128 °C) 


[| 
CH,CCH;CH;CH;CH;CH;CH, 


ie Q 


| 
CH;,CCH;CH;CH;CH;CH,; (bp 152 °C) 
Q 


| 
CH,CH,CCH,CH,CH,CH, 


2.26 Draw the structures and give the names of all isomers 


of octane with 
ial five carbons (b) six carbons 
in their principal chains. 
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2.27 Label each carbon in the following molecules as pri- 


2.28 


2.29 


ы 


M) 


Al 


mary, secondary, tertiary. or quaternary. 
(a) CH, ib) 


Draw the structure of an alkane or cycloalkane that 

meets each of the following criteria. 

(a) a compound that has more than three carbons and 
only primary hydrogens. 

(b) a compound that has five carbons and only хес- 
ondary hydrogens. 

(с) a compound that has only tertiary hydrogens. 

(d) a compound that has a molecular mass of 84.2. 


Name each of the following compounds using IUPAC 
substitutive nomenclature. 


(12) СН, CH;—CH,;.—CH; 
| 
ic; —— cs — CH, — cH, 


(b) CH.CH3CH, 
| 
CH,CHCHCH,CH, 
| 


| 
CH.CH;CH, 


(c) 
(d) 
EM HC (CH, 
Hu£— CH; CH.—(CH. 


Draw structures that correspond to the following names. 
(a) 4-isoburyl-2,5-dimethyiheptane 

(b) 2.3.5-trimethyl-4-propy!heptane (skeletal structure? 
(с) 5-sec-butyl-6-tert-butyl-2,2-dimethylnonane 


The following labels were found on bottles of liquid hy- 
drocarbons in the laboratory of Dr. Ima Turkey follow- 
ing his disappearance under mysterious circumstances. 
Although each name defines a structure unambiguously, 
some are not correct IUPAC substitutive names, Give 


the correct name for any compounds that are not named 
correctly. 

(a) 2-ethyl-2.4.6-trimethy heptane 

(b) 5-neopentyldecane 

(с) I-evclopropyl-3.4-dimethyleyclohexane 

(d) 3-hutyI-2,2-dimethylhexane 


1-2 
ља 
bat 


Although compounds are indexed by their IUPAC suh- 

slitulive names, sometimes chemists give whimsical 

names to compounds that they discover. Assist these 

two chemists by providing substitutive names for their 

compounds. 

(a) Chemist Val Losipede isolated an alkane with the 
following skeletal structure from asphalt scrapings 
following a bicycle race and named 1t "Tourde- 


Irangane." 


? 


ibi Chemist Slim Pickins isolated a compound with the 
following structure from the floor of a henhouse and 
dubbed it "pullane" (pullus, Latin for chick). 


2.33 Within each set, which two structures represent the 
same compound? 


(a) Hak. CH 
CH, iro: as 
H CH, H Н 
НС С.Н» Н ЄН.СН, 
CH: CH, 
4 E 
CH; 
(3H; H 
H CH, 
CHCH, 
E 


th) 


A В in 


2.34 ца} Draw a skeletal structure of the compound in part 
(a) of Problem 2.33 that is different from the other 
two compounds, and name the campound. 

(b) Draw a Newman projection for the most stable con- 
formation of the compound in part tb) of Problem 
2.33 that is different from the other two compounds. 
Draw your Newman projection about the bond be- 
tween carbons 3 and 4 in the IUPAC standard num- 
bering system. with the projection viewed from the 
direction of carbon-3. Describe any ambiguity you 
encounter im drawing this structure, Name the com- 
pound. 


2.3 


tři 


Sketch a diagram of potential energy versus angle of ro- 
tation about the carbon-carbon bond of chloroethane, 
H.C—CH,—Cl. The magnitude of the energy barrier 
to internal rotation is 15.5 kJ mol! (3.7 kcal mol ^!) 
Label this barrier on your diagram. 


2.36 Explain how you would expect the diagram of potential 
energy versus dihedral angle about the C2—C3 (central) 
carbon-carbon bond of 2,2.3.3-telramethylbutane to 
differ from that for ethane (Fig. 2.3), if at all. 


2.47 The anu conformation of |,2-dichloroethane. 
CI—CH,—CH,—Cl. is 4.81 kJ mol! (1.15 kcal 
mol!) more stable than the gauche conformation. The 
two energy barriers (measured relative to the energy of 
the gauche conformation) for carbon-carbon bond rota- 
tion are 21.5 kJ mot”! (5.15 kcal то!) and 38.9 kJ 
mol~! (9.3 kcal mol |). 

(a) Sketch a graph of potential energy versus dihedral 
angle about the carbon-carbon bond. Show the en- 
ergy differences on your graph and label each mini- 
mum and maximum with the appropriate conforma- 
tion of 1.2-dichloroethane, 

(b) Which conformation of this compound is present in 
greatest amount? Explain. 


2.34 Predict the most stable conformation of hexane. Build 
a model of this conformation. (Hist: Consider the con- 
formation about each carbon-carbon bond separately.) 


2.39 When the structure of compound А was determined in 
1972. it was found to have an unusually long С—С 


Es 
Гы 
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bond and unusually large C— C—C bond angles, com- 
pared with the similar parameters for compound 5 


(isobutane i). 


H H 
| L611 А | | ,1835À 
e” C il 
(Он / “асн; mey “он, 
C(CH4); CH; 


A^ ССС = ив A. C—C—C = 110.8" 
A В 


Explain why the indicated hond length and bond angle 
are larger for compound A. 


Which of the following compounds should have the 
larger energy barrier to internal rotation about the indi- 


cated bond"? Explain your reasoning carefully. 
(CH, C ССН), (CH3),51— Si CH 4), 
A H 


From what you learned in Sec. |.3B about the relative 
lengths of C—C and C—O bonds, predict which of the 
following compounds should have the larger energy dif- 
ference between gauche and anti conformations about 
the indicated bond. Explain. 


CH;O—CH.CH; CH #CH,—CH.CH, 


A В 


(a) What value is expected for the dipole moment of the 
anti conformation of T.2-dibromoethane. 
Br — CH; — CH; — Br? Explain. 

(b) The dipole moment и. of any compound that under- 
goes intemal rotation can be expressed as а 
weighted average of the dipole moments of each of 


its conformations by the following equation: 
H5 pna N, „М, + рМ, 


in which g 1s the dipole moment of conformation 7, 
and №, is the mole fraction of conformation ғ. (The 
mole fraction of any conformation i is the number 
of moles of ғ divided by the total moles of all con- 
formations.) There are about 82 mole percent of anti 
conformation and about 9 mole percent of each 
gauche conformation present at equilibrium in 1.2- 
dibromoethane, and the observed dipole moment р 
of |.2-dibromoethane 15 1.0 D. Using the preceding 
equation and the answer to part (a), calculate the di- 
pole moment of a gauche conformation of 1.2-dibro- 


moethane. 
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2.43 This problem illustrates how combustion can be used to 
determine the molecular formula of an unknown com- 
pound. А compound X (8.00 me) undergoes combustion 
in a stream of oxygen to give 24.60 mg of CO, and 
11.5} mg of Н.О. 

(a) Calculate the mass of carbon and hydrogen in X. 

(b) How many moles of H are present in X per mole of 
C? Express this as a formula C,H,- 

(c) Multiply this formula bv successive integers until 
the amount of H is also an integer. This is the molec- 
ular formula of X. 


A hydrocarbon Y is found by combustion analysis to 

contain 87.17% carbon and 12.83% hydrogen by mass. 

(a) Use the procedure in Problem 2.43(b) and (c) to de- 
termine the molecular formula of Y. (Hint: Remem- 
ber that all alkanes and eycloalkanes must contain 
even numbers of hydrogens.) 

(b) Draw the structure of an alkane (which may contain 
one or more ongs) consistent with the analysis given 
in part (a) that has two tertiary carbons and all other 
carbons secondarv. (More than one correct answer is 
possible. } 

(c) Draw the structure of an alkane (which may contain 
one Or More rings) consistent with the analysis given 
in part (a) that has no primary hydrogens, no tertiary 
carbon atoms, and one quaternary carbon atom. 

( More than one correct answer is passible.) 


I3 
Tx 
CA 


Imagine a reaction that can replace one hydrogen atom 
of an alkane at random with a chlorine atom, 
ewe —— а= — (СЕЧЕ 
(a) If pentane were subjected to such a reaction, how 
many different compounds with the Formula 
C.H,,Cl would be obtained? Give their Lewis struc- 


Ter 
me 
CH,CH.CH;— € МН 


дсн, 


2.47 


2.48 


acehutolol 


Figure P2.47 


tures. Then build models (or draw wedge-dashed 
wedge formulas) for each compound. Does this alter 
your answer in any way? Explain. 

(b) Provide the same analysis as in part (a) for the same 
reaction carried out on 2,2-dimethylbutane. 


To which compound class does each of the following 
compounds belong? 
(а! CH,CH; ih) 
Л C=N 
= 


(c) OH А O 


Organic compounds can contain many different func- 


"| 


tional groups. Identify the functional groups (aside from 
the alkane carbons) present in acebutolol (Fig. P2.47), a 
drug that blocks à certain part of the nervous system. 
Name the compound class 1o which each group 


belongs. 


(a) Two amides are constitutional isomers and have the 
formula C,H NO, and each contains an isopropy! 
group as part of its structure. Give structures for 
these [wo isomeric amides. 

(b) Draw the structure of two other amides with the for- 
mula C,H4NO that do nor contain isopropyl groups. 

(c) Draw the structure of a compound X that is a consti- 
tutional isomer of the amides in parts (a) and (b), but 
is not an amide, and contains both an amine and ап 
alcohol functional group. 

td) Could a compound with the formula C,H4NO con- 
tain a nitrile functional group? Explain. 


ato — N— CHICH;). 
| 


:OH H 


Acids and Bases. z 
The Curved-Arrow 
Notation 


This chapter concentrates on acid-base reactions, a topic that you have studied in earlier 
chemistry courses. Acid—base reactions are worth special attention in an organic chemistry 
course, because, first, many organic reactions are themselves acid—base reactions or are close 
analogs of common inorganic Bist hase reactions Аш which you: are familiar. T 'his means 


A. Electron-Deficient Compounds 


In Sec. 1.2C, you learned that covalent bonding in many cases conforms to the octet rule, 
which says that the sum of the bonding and unshared valenca electrons surrounding а ы 
atom Rd eight yw 0 for часа [he octet rul et" rule in the case of | 


hold: А! 1 
репо 3 and 
higher are мє ed in evala bonds, the E 15 often LE EUM for main-group UAR in 
these periods as well. 

The octel t rule араш the maximum number of electrons, 


87 
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B: 
| 


:E— B— Е: 
boron trifluoride 
Boron trifluoride 15 electron-deficient because the boron, with six electrons in its valence shell, 
is [wo electrons, or one electron pair. short of an octet, 
B. Reactions of Electron-Deficient Compounds with Lewis Bases 


Electron-deficient compounds have a tendency to undergo chemical reactions that complete 
their valence-shell octets. In such reactions. an electron-deficient compound reacts with a 
species that has one or more unshared valence electron pairs. An example of such a reaction 
is the association of boron trifluoride and fluoride ton: 


boron I^ L ecir- gv fe ent Е: 


„Ж ы тч & Ve 
Е —В —Е: + 2x ELE Е: (A lal 
korm fuorideion Lm donated electron pair 
trifluoride E 
tetrafluaroborate ion 


Ја, When. an alectron- deherent Lewis -— 1 and | й Lewis base combine to 
give a singléiproduot, às in this бкр, | T b 


1 ч association " 
* T T 
he На x a T m 
“be + p Ó— Жж" :Е—В—Е: (3.16) 


:Е: boron has a 
com plete octet 


a Lewis acia a Lewis base 
electron acceptor? (electron donor? p 1 0——— 
Р а Lewis acid-base 
dissociation 


Notice that as a result of this association reaction, each atom in the product tetrafluoroborate 
ion has a complete octet. In fact, completion of the octet provides the major driving force for 
this reaction. 


A peculiarity in the octet-counting procedure is evident in Eqs. 3.1à and 3. ib. The fluoride ion has 

an octet. After it shares an electron pair with BF,, the fluorine still has an octet in the product BF,. 

You might ask, "How can fluorine have an octet both before and after it shares electrons?" The an- 

swer is that we count unshared pairs of electrons in the fluoride ion. but in BF,. we assign to the flu- 

orine the electrons in its unshared pairs as well as both electrons in the newly formed chemical bond. 
b An apt analogy to this situation is à poor person P marrying a wealthy person W. Before the mar- 
riage, P is poor and W is wealthy: after the marriage. W is still wealthy. and Р, like the boron in “BF. 
has become wealthy by marriage! The justification for this practice of counting electrons twice is 
that it provides an extremely useful framework for predicting chemical reactivity. Note again that the 
procedure used in counting electrons for the octet differs from the one used in calculating formal 
charge (see Sec. ].2C 
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'edctior | led a Lewis acid-base dis sociation. 
[rom ВЕ, to give BF, and F^" —that is, the reverse re- 
action in Eqs. à. la and 3,1bh—is an example of a Lewis acid-base dissociation. 
ы 
- —— 1 


Study Problem 3.1 а 
. Which of the following compounds can react with the Lewis base CI in a Lewis acid-base asso- 


ciation reaction? 
H С: 
"e idit 
| aluminum chloride 
methane 


Solution For a compound to react as a Lewis acid in an association reaction, it must be able to 
accept an electron pair from the Lewis base CI”. In aluminum chloride, the aluminum is short of 
an octet by one pair. Hence, aluminum chloride is an electron-deficient compound and can readily 
accept an electron pair from chloride ion in an association reaction, as follows: 


CI: :CI 


SCI— AL— + ËT — ËA: 


Lewis acid Lewis base CH: 
(electron-deficient 
compound) 


In contrast. every atom in methane has the nearest noble-gas number of electrons (carbon has 
eight, hydrogen has two). Hence, methane is not electron-deficient and cannot undergo a Lewis 
acid—base association reaction. 


C. The Curved-Arrow Notation for Lewis Acid-Base 

Association and Dissociation Reactions 
Organic chemists have developed а symbolic device for keeping track of electron pairs in 
А chemical reactions; this device is called the curved-arrow notatio nis notation is 


^urved arToww drawn 


This notation is applied to the reaction of Eq. 


-— 
= 
+ 

Е 


ET Ж} iri | 
nm ine elect 
j к АА 1 


3.[a in the following way: 


electron source newly formed band 
| T | :F: 
а hu 7 DRT 
-Ef УВ: — Fp Ë B2 
РИ Е: iF: 


wlectran destination 


The red curved arrow indicates that an unshared electron pair on the fluoride ion becomes the 
shared electron pair in the newly formed bond of ~BF,. 
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ы The correct application of the curved-arrow notation also involves computing and properly 
assigning the Formal SUM to | Ше реак Por each reaction involving ше Sürved- -arrow 


Ln other mane total charge is conserved. | 32, reac- 
tants have a net charge of — 1: hence, the ume: must have the same net ае. Ву саїси- 
lating the formal charge on boron and fluorine, we determine that the charge must reside on 
boron. 

To illustrate the application of the curved-arrow notation to a Lewis acid-base dissociation 
reaction, let's consider the dissociation of the ion "BF, to give BF, and F^; this reaction is the 
reverse of Eq. 3.2. The curved-arrow notation for this reaction is as follows: 


Because the B—F bond breaks in this reaction, this bond is the source of the electron pair that 
is transferred to a fluorine to give fluoride ton. 


PROBLEM ‚ ! 

3.] Use the curved-arrow notation to derive a structure for the product of each of the following 
Lewis acid-base association reactions; be sure to assign formal charges. Label the Lewis acid 
and the Lewis base, and identify the atom that donates electrons in each case. 


+ а 


(а) CH; (b) E: 
cim d +: HQ: s NH; + B—F: —— —- 
CH; H 


In some reactions, an ele 1 rated to | tron-deficient. When 
v this happens, another ME pair must т Sas depart from the receiving atom so that 
+ the octet rule is not violated. The following reaction is an example of such a process. 
destituti 
displaced of displaced destination 
electron patr donated electron pur of donated 
electron pair electron pair 
H H 
- у = | bo 
Hen + ÖH ==> н-м + H—Ó—H (3.4) 
H hydroxide ion H water 
ammonium ion ammonia 


In this reaction, a hydrogen of the ammonium ion receives an electron pair from the hydroxide 
ion. As a result, this hydrogen becomes bonded to the oxygen to give water, and the electron 
pair in the N—H bond of the ammonium ion becomes the unshared pair in the product ammo- 
nia. If the latter electron pair had not departed, hydrogen would have ended up with more elec- 
trons than allowed by the octet rule. 
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ion to het oxygen of ihe bydroxide | Ion. 


B. The Curved-Arrow Notation for Electron-Pair 
Displacement Reactions 

The curved-arrow notation 15 particularly useful for following electron-pair displacement re- 
actions. This usage can be illustrated with the reaction of Eq. 3.4. In this case, two arro 


H | H 
" | £N | " 
TN ОН ж” b 4 + == (3.5) 
H H 


STUDY GUIDE LINK 3.1 Tear unm 
The Curved-Arrow Mim 
Notation Notice also the 
sec. 3.1C. The algebraic sum of the charges on the left side is zero; hence. the net charge of 
all species on the right side must also be zero. 


lustrated by the reaction of "BH, with water to give mam? (H.) and hwircoide. 


donated electron pair 


H H 
H—B--CH H—OH —> H—B + H—H+~:0H (3.6) 
Y N 
H | Н 


f 


ri 


displaced electron pair 


In this notation, the bond corresponding to the donated electrons is "hinged" at the transferred 
atom (the H of the B—H bond); it swings away from the boron and towards the atom that re- 
ceives the electrons (the H of water). 

The acceptor atom can be an atom other than hydrogen, as shown in Study Problem 3.2. 


Study Problem 3.2 
; Give the curved-arrow notation for the following reaction. 


H H 
um us + OH —> ah io + Cl: 
H H 
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Solution In this reaction, an unshared electron pair from the oxygen of "OH displaces the 
electron pair from the C—C] bond onto the chlorine; the carbon atom is transferred from the CI 
to the oxygen. Because this is an electron-pair displacement reaction, two arrows are required. 
Remember that a curved arrow is drawn from the source of an electron pair to its destination. The 
source of the donated electron pair is the OH ion. The destination of the donated electron pair is 
the carbon atom. Hence, one curved arrow goes from an electron pair of the СОН (any one of the 
three pairs) to the carbon atom. Because carbon can have only eight electrons, il must lose а pair 
of electrons to the chloride ion, which is formed in the reaction. Hence, the source of this electron 
pair is the С—С! bond: its destination is the chlorine. The curved-arrow notation for this reaction 
* is as follows: 

è H H 


ITE » 
H—C—CLU ж H—C—OH + :Cl:7 


H H 


HO 


(Be sure to read Study Guide Link 3.1 about the different ways that curved arrows can be drawn.) 


Study Problem 3.2 shows how to write the curved-arrow notation for а completed reaction. 
Study Problem 3.3 shows how to complete a reaction for which the curved-arrow notation is 


given. 
` 


Study Problem 3.3 


Given the following two reactants and the curved-arrow notation for their reaction, draw the 


, structure of the product. 
H 
>ч 
НМ °С Lp: —ж ] 
/ 
CH 
Solution The bonds or unshared electron pairs at the tails of the arrows are the ones that will not 
be in the same place in the product. The heads of the arrows point to the places at which new 
bonds or unshared pairs exist in the product. Use the following steps to draw the product. 
Step 1 Redraw all atoms just as they were in the reactants: 


H 
HN C О 
CH, 


step 2 Put in the honds and electron pairs that do not change: 
H 


Ше 
/ 
CH; 


Step 3 Draw the new bonds or electron pairs indicated by the curved-arrow notation: 


Step 4 


STUDY GUIDE LINK 3.2 
Rules for Use of the 
Curved-Arrow 
Notation 


nuclei. Beginning students sometimes forget this point. For example, the proton transfer 
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new 
electron pair 


H 
HjN—- C—O: 
/ / 
CH; 
new bond 


Complete the formal charges to give the product. The algebraic sum of the formal charges in 
the reactants and products must be the same—zero in this case. 


H 
UE MED" 
" Hj3N—C—0O:^ 
/ 
CH, 


Ж We. Ио. E, е Be СЕНЕР 


ПТРК NOL ШШ ПО nt 


Na t x 

T .. ^ А ж T n 

giu rg» an н wR, E: d e Fr = < E 
JO STDONVS | HORA rye TEV " PF кли 


nt of 
from 
HCI to "OH might be incorrectly written as follows: 


INCORRECT CURVED-ARROW NOTATION! 


Hr 00-4. —- HO—H +A: (3.7) 


This is incorrect because it shows the movement of the proton rather than the flow of electron 
pairs. Someone accustomed to using the notation correctly would take this to imply the trans- 
fer of H^ to "OH, an impossible reaction! The correct use of the curved-arrow notation shows 
the flow of electron pairs, as follows: 


Р; 


HO” HOC): —» HÖ—H +Ë: CORRECT! (3.8) 


As you learn to use the curved-arrow notation, you will find the additional assistance in 
Study Guide Links 3.1 and 3.2 to be very useful. Be sure to read and study these carefully. 


PROBLEMS SS ' | | "ws үү 
| 3.2 For each of the following cases, give the product(s) of the transformation indicated by the 


curved-arrow notation. 


(a) HQ € on Lg (b) (CH,),C£C(CH,), HL 
CH; | 


- Е ‚О: 
кон OL Br: (d) нс Pi VN» 
HO йд 

— О: 


3.3 Provide a curved-arrow notation for each of the following reactions in the left-to-right 
direction. 


(a) СН;0:- destitui —» CH,O—H H,C=CH :Вг:- 
CH; CH; 


Te T „а 
(b)H4N: H,C—Br ——» H,N—CH, :Br- 
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REVIEW OF THE CURVED-ARROW NOTATION 


A. Use of the Curved-Arrow Notation to Represent Reactions 


In this chapter, you ve learned two types of reactions that can be described by the curved- 
arrow notation: 


]. the association reactions of Lewis bases with electron-deficient compounds (and their 
reverse dissociation reactions); and 
2. electron-pair displacement reactions. 


7 ather word, all reactions i Inv гери вор рай сап 
be dissected ultimately into only two fundamental processes! Because both of these funda- 
mental e es can be саан with curved arrows, it follow s that any reaction idi: 


it Follows that nomo re- 
ion: | : : ' simple examples shown in 

Eqs. 3.2 ‘od 3.5 Thus. mastery of these simote it Inorganic ic хаша” is à necessary first step in 

understanding the reactions of Mis eee ыш 

To summarize: B fi idamen | 


B. Use of the Curved-Arrow Notation to Derive 
~ Resonance Structures 


In nA 1.4, de learned that resonance structures are used when the structure of a com ound 

ader ent a single Lewis structure. nce | р 
v nhe: теп? t ctrons. In the vast majority of the resonance structures you 1 en- 
counter. the elections are moved in pairs. Because the curved-arrow notation is used to trace 
the flow of electron pairs, it follows that this notation can also be used to derive resonance 
structures—in other words. to show how one resonance structure can be obtained from an- 


other. Study Problem 3.4 illustrates this point with two resonance-stabilized molecules that 
.. were discussed in Sec. 1.4. 


— a — mao —- 


Study Problem 3.4 


In each of the following sets, show how the second resonance structure can be derived from the 
first by the curved-arrow notation. 


(a) 5 | + _ + 


methoxymethy] cation 
(b) :О:- О: 
TUR "EL 
H,C = | EH da ds 
- 10 Z 


nitromethane 
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Solution 
(a) In the structure on the left, the positively charged carbon is electron-deficient. The structure 
on the right is derived by the donation of an unshared pair from the oxygen to this carbon. 


у E + 


This transformation resembles a Lewis acid-base association reaction, and the same curved- 
arrow notation is used: a single curved arrow showing the donation of the unshared pair of 
electrons to the electron-deficient carbon. 

(b) To derive the structure on the right from the one on the left, an unshared electron pair on the 
upper oxygen must be used to form a bond to the nitrogen, and a bond to the lower oxygen 
must be used to form an unshared electron pair on the lower oxygen, as follows: 


Two arrows are required because the formation of the new bond requires the displacement 
of another. Thus, we use the curved-arrow notation for electron-pair displacements. 

In both of the preceding examples, the curved-arrow notation 1s applied in the left-to-right 
direction. This notation can be applied to either structure to derive the other. Thus, for part (a) 
in the right-to-left direction, the curved-arrow notation is as follows: 

" 


[сн,б—ён, -——» au CH; 


You should draw the curved arrow for part (Б) in the right-to-left direction. 


Bure А 
| 


VE 
4. E | "ANM E рй 
З 


ctures 1s ide 


PROBLEM 
3.4 (a) Using the curved-arrow notation, derive a resonance structure for the allyl cation (shown 
here) which shows that each carbon—carbon bond has a bond order of 1.5 and that the pos- 


itive charge is shared equally by both terminal carbon atoms. (A bond with a bond order of 
1.5 has the character of a single bond plus one-half of a double bond.) 
ae 
[н,&—сн==сн, ———» ? | 
allyl cation 


(b) Using the curved-arrow notalion, derive a resonance structure for the allyl anion (shown 
here) which shows that the two carbon-carbon bonds have an identical bond order of 1.5 
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and that the unshared electron pair (and negative charge) is shared equally by the two ter- 
minal carbons. 


[н,@—сн=сн, «= ? | 


allyl anion 


(€) Using the curved-arrow notation, derive a resonance structure for benzene (shown here) 
which shows that all carbon—carbon bonds are identical and have a bond order of 1.5. 


@ — —» | 


benzene 


BRONSTED-LOWRY ACIDS AND BASES 


A. Definition of Bronsted Acids and Bases 


Although less general than the Lewis concept, the Bronsted—Lowrv acid-base concept pro- 
vides another way of thinking about acids and bases that is extremely important and useful in 
PLN DECIES, The елы THER Чейиноп of пеша ana Жангы was Leni In 1923 


The reaction of ammonium jon with hydroxide ion (see Eq. 3.5) is an example of a Bron- 
sted acid—base reaction. 


lie urnas erred 


Probat 
Р Н Н 

à + LA — i | j a 

Ege Ar :QH =” YN + Li—QH | 3.923) 

) тч ea 
* Н Н 

ammonium ion hydroxide ion ammonia water 

(a Bronsted acid) (a Bronsted base) (a Brensted base) (a Bronsted acid) 


On the left side of this equation, the ammonium ion is acting as a Bronsted acid and the hy- 
droxide ion is acting as a Bronsted base: looking at the equation from right to left, water 15 act- 
ing as a Bronsted acid, and ammonia as a Bronsted base. 

The “classical” definition of a Bronsted acid—base reaction given above focuses on the 
movement of a proton. But in organic chemistry. we are always going to focus on the move- 
ment "of electrons. us Ey 3 Эң illustrates, апу Bronsted acid-base reac tion can be deser ribed 


Га proton from the Bronsted 
Ж. Bronsted t base. then, 15 су d Case 
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Brensted acid—base reaction: 
an electron-pair displacement 
reaction on hydrogen 


ho Leander 


prole 
fi Н 
“т s.» | f PTT 
HN Ó + Non =” 0—1 t H— OH (3.9b) 
РА 
Li I 


Bronsted base: 
à Lewts base that donates 
an electron pair 
[o a proton 


Brensted acid: 
species Tha! provides 
thi ШИ 


Bronsted acid-base reaction Ее are two СМОРА acid- бале} pairs. Nem in n Ea, 3 3.9. ). "NH, 
and NH, are one conjugate acid-base pair, and H,O and “OH аге the other. 


conjugate acid-base pair 


H H 
H—N-—H 40H ж” H—N: + H—OH (3.10) 
п | H 


conjupate base-acid pair 
Notice that the conjugate acid-base relationship is across the equilibrium arrows. For 
example, *NH, and NH, are a conjugate acid-base pair. but *NH, and "OH are пог a conju- 
gate acid-base pair. 


STUDY GUIDE LINK 3.3 
identification of 
Acids and Bases 


ion. Water 


For example. can act as ALS an acid or a base. | 


typal example o ап amphoteric MÀ For TUM in Eq. 3, 10, water is the conjugate 
acid in the acid-base pair H.O/~ OH; in the following reaction, water is the conjugate base in 
the acid-base pair H,O*/H,0: 


H " 

a Б F5 — H qE sib дд —H (3.11) 
H a H H 
avial EART Mise Acil 


PROBLEMS 3.5 In the following reactions, label the conjugate acid-base pairs. Then draw the curved-arrow 
notation for these reactions in the left-to-right direction, 
(a) NH, + OH = ~:NH, + HÖ: Ee 
“ т 3 + 
(b) NH; + МН, а NH; + NH, 
3.6 Write a Bronsted acid—base reaction in which H;O/-:OH and CH;QH/CH,O:- act as conju- 
gate acid-base pairs. 
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B. Nucleophiles, Electrophiles, and Leaving Groups 


The Brensted-Lowry acid-base concept is important for organie chemistry because many re- 
actions are Bronsted acid-base reactions. and many others have close analogy to Bronsted 
acid-Dase reactions. Lets look af one example. 


HO: Habre —> ПОСЕ + Br: EAR T 
An analogous Bronsted acid-hbase reaction ts 
HO: НВг: ——- НОН +Br: RARI 
А 
» These reactions are very similar: Both reactions ate electron-pair displacements initiated by 
\ the Lewis base hydroxide. In Eq. 3.122. the hydroxide base donates electrons to a cerbon. In 
Ey. 3.12h, the hydroxide base donates electrons to а Avdrogen. The process in Eq. 312a is à 
well-known organe reaction: the process in Eq. 3.1] 2b is a well-known Bronsted acid-base re- 
action. The Bronsted acid-base reaction gs ach Faster than the reaction at carbon. but, ether 
than that ditlerenee, these processes are essentially the same. We ll see analogies like this all 
the time inorganic chemistry. What makes them purticudarly useful is that we know a lot about 
Bronsted acid-base reactions. We can apply what we Know about these reactions to under- 
standing (he analogous organe reactions. 
This analogy leads to additi TN yide used Fani Jes that we > ave to master. As We 
learned in the previous section, a Le 
1VC roxide is a Bronsted base in one reaction — a шекел in the mia 
м eleciron-pair donation to Bydrogen: 
n Ы 


i HÖ: = HBr: —> HÖ—H Br; ENE-T 


| = 


a Lewis base 
and a Brensted base 


сестра denation te an atom other than hydrogen: 
HO: Н;С- Br: —- HO—CH, + Bri ПА БАКІ 


a Lewis base and 
a nucleophile 


The atom that receives a Pet, of electrons Bom the pews Base is called an os 


acm IL receives а рат ul озен foni T Le WIN bu. Ww heilt that ОТ IS ü f cR CD OT i 
Bronsted base. 
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à Lewis acid and | Lewis acid and 
an hehe an elevtrephile 
c c E 
HO: Ну — Br: HO: 1 — Br: (3.14) 
DNE ae 
———— 


a Brensted acid 


The group that receives electrons from the breaking bond, in this case the —Br. is called a 
leaving group. A group becomes a leaving group when one of its atoms accepts an electron 
pair from a breaking bond. One of the author's students has put it less formally. but perhaps 
more descriptively: a leaving group is a group that takes a pair of bonding electrons and runs. 


HO: HC Er: (3.15) 
M. sn | 


à Irving group 


A leaving group in one direction of a reaction becomes a nucleophile in the other direction, 
as the following example demonstrates. 


a nucleophile in the a leaving group in the 
forward direction reverse direction 
| | 
HO H,C—Br: == н,0— CH; iF ‘Br: (3.16) 
4 dune итни an the à ncleoplily qn the 
fonwand direction reverse direction 


The term feaving group can also be used in Lewis acid—base dissociation reactions. Note 
the absence of a nucleophile in a Lewis acid—base dissociation, and the absence of a leaving 
group in a Lewis acid—base association. 


|a Lewis acid-base 


association е 
| ` | 
^J NN B—F: A MÀ iF -B—F: 
| | Bas 
: | E 


4 nucicophile in the a Lewis acid—base a leaving group in the 
assechitton reaclion; dissociation dissociation reaction 
there is no leaving group there is no nucleophile 


The terms you've learned here are important because they are used throughout the world of 
organic chemistry. Your instructor will use them, and we'll use them throughout this book. To 
summarize: 


. A Lewis base can act as either a Bronsted base or a wA hile. À Bronsted base is a 
Lewis base that donates a pair of electrons to a hydrogen en and removes the hydrogen as 
a proton. A nucleophile is a Lewis base that do nates a pair of electrons to an atom other 
than hydrogen. 
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2. Ап electrophile is the atom that receives an electron pair from a Lewis base. 
3. A leaving group is a group containing an atom that accepts an electron pair from one of 
its bonds, which is broken as a result. 


This section is about analyzing the roles of the various species in reactions. The definitions 
developed here describe these roles. You will find that most of the reactions you will study can 
be analyzed in terms of these roles, and hence an understanding of this section will prove to 
be crucial in helping you to understand and even predict reactions. The first step in this under- 
standing is to apply these definitions in the analysis of reactions. Study Problem 3.5 points you 
in this direction. 


Study Problem 3.5 


Following is a series of acid—base reactions that represent the individual steps in a known organic 
transformation, the replacement of — Br by — OH at a carbon bearing three alkyl groups. Consid- 
ering only the forward direction, classify each reaction as a Bronsted acid-base reaction or à 
Lewis acid—base association/dissociation. Classify each labeled species (or a group within each 
species) with one or more of the following terms: Brensted base, Bronsted acid, Lewis base, 
Lewis acid, nucleophile, electrophile, and/or leaving group. 


CH; CH; 
! Lx a | 
wc en =—=- S :Вг: {3.1&8а) 
A B 
cu, н CH, H 
H,C—C*" "w0—H а H,C—C—O—H (3. 18b) 
CH, D CH, 
B E 
CH, H CH, H 


костын, а= Hi ceo + H—OH; (3118) 


Solution Classify each reaction first, and then analyze the role of each species. Reaction 3.18a 
is a Lewis acid-base dissociation. (Notice that а single curved arrow describes the dissociation.) 
In compound A, Br is the leaving group. 

Reaction 3.18b is a Lewis acid—base association reaction. Cation B (specifically, its electron- 
deficient carbon) is a Lewis acid and an electrophile. Water molecule D is a Lewis base and a nu- 
cleophile. 

Reaction 3.) 8c is a Bronsted acid—base reaction. lon Ё and compound G constitute a conjugate 
Brensted acid-base pair, and compound F and compound A are a conjugate Bronsted base—acid 
pair. The water molecule F is both a Lewis base and a Bronsted base. The proton of E that re- 
ceives an electron pair from water is a Lewis acid and is also an electrophile. The part of E that 
becomes G is a leaving group. 
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| PROBLEMS so | | 
3.7 Work Study Problem 3.5 for the reverse of each reaction 3.1 8a—c. 


4.8 In each of the following processes, complete the reaction using the curved arrow given; classify 
the process as a Bronsted acid—base reaction or a Lewis acid—base association/dissociation; and 
label each species (or part of each species) with one pp эй of the following terms: Bronsted 
base, Bronsted acid, Lewis base, Lewis acid, nucleophile, electrophile, and/or leaving group. In 
each part, once you complete the forward reaction, draw the curved arrow(s) for the reverse re- 
action and do the same exercise for it as well. 


f^ 


poe es 
(a) Н,С=СН, H—Br: ——> 


OH 
(b H,O:^  "*B—OH —- 
бн 
3.9 For each of the following reactions, give the curved-arrow notation and write the analogous 
Bronsted acid-base reaction. 
(а) CH; CH; 
seo + 7O—CH,—s ш: + H,C—O—CH, 
бн, CH; 
(b) HC—CH,—Br: + :С==М: ——* H,C—CH,— CEN: + Br: 


3.10 This problem refers to the reactions shown in Eqs 3.12a and 3.12b. When an equal number of 
moles of hydroxide ion. H—Br, and Н.С — Br are placed in solution, what products are 
formed? Explain. (Fint: Which reaction 15 faster?) 


Strengths of Bronsted Acids 


Another aspect of acid—base chemistry that can be widely applied to understanding organic re- 
actions is the strengths of Bronsted acids and bases. The strength of a Bronsted acid is deter- 
mined by how well it transfers a proton to a standard Bronsted base. The standard base tradi- 
tionally used for comparison is water. The transfer of a proton from a general acid, HA. to 
water is indicated by the following equilihrium: 


НА + НО ж” А: + HiO* (3.19) 
The equilibrium constant for this reaction is given by 


_ [AT]IH,O*] € 
a [HA][H.O] L 
(The quantities in brackets are molar concentrations at equilibrium.) Because water is the sol- 
vent, and its concentration remains effectively constant. regardless of the concentrations of the 
other species in the equilibrium, we multiply Eq. 3.20 through by [H,O] and thus define an- 
other constant К, called the dissociation constant: 


K, = К |Н„О] = 
d " E | [ІНА | 
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Поп. ' Thus. 


Er жи the dissociation constants of different Brønsted acids cover a range of many pow- 
ers of 10, it is useful to express acid strength in a logarithmic manner. Using p as an abbrevi- 
ation for negative logarithm, we can write the following definitions: 

pk, = —log K, (3.224) 
pH = —log [H,O*] (3.22b) 

Some pK, values of several Bronsted acids are given in Table 3.1 in order of decreasing ы 
Because ЖОШ acids have larger K, values, it follows from Eq. 3.22a that stronger acids 
| ller рк | es. Thus, HCN а= = 9.4) is a stronger acid than water (pK, — 15, 7). 


In other words, the strengths of acids in the first column of Table 3.] increase from the top to 
the bottom of the table. 


me It is important to understand the difference between pH and рК. The pH is a measure of proton con- 
STUDY GUIDE LINK 3.4 centration and is an experimentally alterable property of a solution. The pX, is a fixed property of 
The Difference Bronsted acid. If this difference isn't secure in your mind. be sure to consult Study Guide Link 2 4 
between pK, and pH for further help. 


ROBLEMS 
3.11 What is the pK, of an acid that has a dissociation constant of 
(a) 107? (b)5$.8 х 107° (с) 50 


3.12. What is the dissociation constant of an acid that has a pK, of 
(a)4 (b)78 (с) –2 

3.13 (a) Which acid is the strongest in Problem 3.11? 
(b) Which acid is the strongest in Problem 3.12? 


Three points about the pK, values in Table 3.1 are worth speci 
do with the рК, values for pi stron m Very weak : acids. Th 


ia] emphasis. The first has to 


2." Fe reason | is cm н, Qt 15 ve strongest cid that ‹ can exist in water. TP we dissolve 

орог acid in water, 15 immediately ionizes to НО”, Similarly, "OH is the strongest base 
that can exist in water, and stronger bases react instantly with water to form “OH. However, 
pK, values for very strong and very weak acids can he measured in other solvents, and 
through various methods these pK, values can in many cases be used to estimate aqueous pK, 
values. This is the basis for the estimates of the acidities of strong acids such as HC] and very 
weak acids such as NH, in Table 3.1. These approximate pK, values will suffice for many of 
our application 


lues tv 


. However, in some е of these solvents, 1 [Пе re. ative рК. 
ily the same as they are i . In other nonaqueous орма, though, even n the 
relative oder of DE. vil d is different. (We Il learn about solvent effects in Chapter 8.) De- 
spite these differences, aqueous pX, values such as those in Table 3.1 are the most readily 
available and comprehensive data on which to base d a XUI of acidity and basicity. 
The last point has to do with the K vhich is from wt nich we obtain pK, = 
Don't confuse this with the ión- produc constant Uf water, which is defined hy the 


ТАВІЕ 3.1 Relative Strengths of Some Acids and Bases 
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Conjugate acid pK, Conjugate base 
NH; (ammonia) ~ 38! -:МН, (amide} 
ROH (alcohol) 15-19* RO:- (alkoxide) - 
HOH (water) 15.7 HO: (hydroxide) 
RSH (thiol) 10-12" RŠ: (thiolate) ——— 
R,NH (trialkylammonium ion) 9-11" R:N: (trialkylamine) 
NH, (ammonium ion) 9.25 НУМ: (ammonia) . 
HCN (hydrocyanic acid) 9.40 "CN (суагийе} 
нё (hydrosulfuric acid) 7.0 Н8:- {(Һудгоѕи ае) 

а, О 
"s (carboxylic acid) 4-5* R—C—0:- (carboxylate] 
HF: (hydrofluoric acid) 3.2 F7 (fluoride) 

нЕ (p-toluene- 

та sulfonic acid) ВР ьс) ne ie EA 
H,0* (hydronium ion) —1.7 HÖ (water) 
H,SO, (sulfuric acid) —3' Н5О; (bisulfate) 
HO: (hydrochloric acid) -6 to -7' Ta (chloride) | 
HBr: (hydrobromic acid) -8 to - 9.5" Вг:" (bromide) 
Hi: (hydroiodic acid) —9,5 to — 10' Um (lodide) —— 
HCIO, (РЕГЕН acid) —10 (7) CIO; (perchlorate) | 


*Precise value varies With the structure of R. 
'Estimates; exact measurement is not possible. 


expression K, = [H,O*]| OH] = 107" M^, or —log К, = 14. The ionization constant of water 
is defined by the expression 
[H.O*] OH] K 


K = а = z21QM 
| [H,0] [Н.О] 55.5 M 


This expression has the concentration of water itself in the denominator. and thus differs from 
the ion-product constant of water by a factor of 1/55.5. The logarithm of this factor, — 1.7, ac- 
counts for the difference between pK, and рК: 


pK, of H,O = —log К, — log (1/55.5) = 15.7 


Strengths of Bronsted Bases 


‹ П se is | to the pK, of its conju igate acid. Thus, the 
base strength of fluoride ion is indicated I , of its conjugate acid, HF; the base strength 
of ammonia is indicated by the pK, of its conjugate acid. the ammonium ion, *NH,. That is, 
when we say that a base is weak, we are also saying that its conjugate acid is strong; or. if a 


104 CHAPTER 3 * ACIDS AND BASES. THE CURVED-ARROW NOTATION 


ая 


STUDY GUIDE LINK 3.5 
Basicity Constants 


base is аму: its pos di Dn 15 weak. Thus, it 15 жа to tell Ww hich of two bases is stronger 

stronger base has the conjugate acid 
vith the greater (4 s neg K For з=... "CN, the conjugate base of HCN, is a 
этем base than WH, the Content base of water, because the pK, of HCN is less than that 
of water. Thus, the strengths of the bases in the third column of Table 3.1 increase from the 
bottom to the top of the table. 


E. Equilibria in Acid-Base Reactions 
When a Bronsted acid and base react, we can tell every whether the саш n hies to 


the E or left by comparing the ol ved Ж equilib 


For mes in the following acid- dk reaction, the eqiilibriota lies well to the right, be- 
cause Н.О is the weaker acid and СМ 15 the weaker base. 


and нў bu se ЧҮ 


(stronger (weaker 
x base) base] 
HCN + Он" э a CN + HO (3.23) 
рК = 94 pKa = 15.7 
(stronger acid) (weaker acid) 


We'll frequently find it useful to estimate the equilibrium constants of acid-base reactions. 
The equilibrium constant for an acid—base reaction can be calculated in a straightforward way 
from the рК. values of the two acids involved. To do this calculation. subtract the pK, of the 
acid on the left side of the equation from the pK, of the acid on the right and take the antilog 
of the resulting number. That is. for an acid-base reaction 


AH tB" == А + BH (3.24) 


in which the pK, of AH is pK ay and the pK, of BH ts рк... the equilibrium constant can be 
calculated by 


(5.2521 


or 


(3.25b) 


This procedure is illustrated for the reaction in Eq. 3.23 in Study Problem 3.6, and is justified 
in Problem 3.46 at the end of the chapter. 


Study Problem 3.6 
| — | Calculate the equilibrium constant for the reaction of HCN with hydroxide ion (see Eq. 3.22). 


Solution First identify the acids on each side of the equation. The acid on the left is HCN be- 
cause it loses а proton to give cyanide (CN), and the acid on the right is Н.О because it loses a 
proton to give hydroxide (OH). Before doing any calculation, ask whether the equilibrium 
should lie to the left or right. Remember that the stronger acid and stronger base are always on 
one side of the equation, and the weaker acid and weaker base are on the other side. The equilib- 
rium always favors the weaker acid and weaker base. This means that the right side of Eq. 3.23 is 
' favored and, therefore, that the equilibrium constant in the left-to-right direction is 21, This pro- 
vides a quick check on whether your calculation is reasonahle. Next. apply Eq. 3.25a. Subtracting 


3.4 BRONSTED-LOWRY ACIDS AND BASES 105 


the pK, of the acid on the left of Eq. 3.23 (HCN) from the опе on the right (H,O) gives the loga- 
rithm of the desired equilibrium constant К... (The relevant pK, values come from Table 3.1.) 


log K,, = 15.7 — 9.4 = 6.3 
The equilibrium constant for this reaction is the antilog of this number: 
= 10** =2 x 10° 


This large number means that the equilibrium of Eq. 3.23 lies far to the right. That is. if we dis- 
solve HCN in an equimolar solution of NaOH. a reaction occurs to give a solution in which there 
is much more CN than either OH or HCN. Exactly how much of each species is present could 
be determined by à detailed calculation using the equilibrium-constant expression, but in а case 
like this, such a calculation is unnecessary. The equilibrium constant is so large that, even with 
water in large excess as the solvent, the reaction lies far to the right. This also means that if we 
dissolve NaCN in water, only a minuscule amount of “CN reacts with the H-O to give OH and 
HCN. 


3.14 Using the pK, values in Table 3.1, calculate the equilibrium constant for each of the following 
reactions. 
(a) NH, acting as a base toward the acid HCN 
(b) F^ acting as a base toward the acid HCN 


Sometimes students confuse acid strength and base strength when they encounter an am- 
photeric compound (see p. 2 Water presents this sort of pn oblem. According to the defini- 
tions jus st dev SE he base кепи of waler is indicated | y the. pK, of its conji goie n 

+ А he те Р TI 4 | i zx E = à sf 

HO he ads Р Р, Вах Оо coni gale base Ay 
ide) is indica ed by the pK, of H,O itself. These two quantities refer to very different reactions 
of water: 


Water acting as a base: 


H-O + AH ж” HOt + AT 
(3.264) 


M Water acting as an acid: 


BS + НО S E BH + "OH 
(3.26b) 
рКа 


|! 
Pai 
“J 


PROBLEM 3 ч: AT 
3.15 Write an equation for each of the following equilibria, and use Table 3.1 to identify the pK, 


value associated with the acidic species in each equilibrium. 

(a) ammonia acting as a base toward the acid water 

(b) ammonia acting as an acid toward the base water 

Which of these reactions has the larger К, and therefore is more important in an aqueous so- 
lution of ammonia? 
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FREE ENERGY AND CHEMICAL EQUILIBRIUM 


As Nous learned in the previous section, the equilibrium constant for a reaction tels us which 
species in a chemical equilibrium are present in highest concentrations. in this section. were 
gomg to examine the connection between the equilibrium constant for a process and the refe- 
uve stabilities of the reactants and products, 

Lets start with a specific exumple—the dissociation equilibrium of hyeroltueric acid. a rel- 
ацл еі weak agnt: 


LH —P x Ph == [p e Hua (3.27) 


From Table 3.1. the pK, of HF is 3.2. Hence. the dissociation constant А of HE is 107 
6.3 x 1077, The small magnitude of this equilibrium constant means that HF is dissociated to 
only a smali extent in aqueous solution. For example, їп an aqueous solution containing 0.1 M 
HE, a detailed valeulation using the equilibrium-constunt expression shows that only about &% 
of the acid is dissociated to fluoride ions and hydrated protons. 

The dissociation constant is related to the sandard free-encrey difference between prod- 


ucts and reactants in the following way. ir _ са шс. disso ation constant as defined. in 


RNC 


where in indicates natural (base-e) logarithms, log indicates common (base- 10) logarithms. А 
is the molar gas constant (8.314 X 107^ KJ K^! mol or 1.987. x 107^ heal K^! mol! 1. and 
Fis the absolute temperature in kelvins (Ki. Beeause log А 1 by definition the рА (Eq. 


3 


2.224). then Eq. 3.28 ean be rewritten as 


| 5,194 


[n terms of the НЕ ionization, the standard free energy of dissociation AG" in Eg. 3.29 is 
equal to the difference between the standard free energies of the ionization productis (11,07 
and F^ (and the un-tonized acid (HF). The standard free energy of the solvent (and reference 
base} water. because it is the same for all acids, is arbitrarily set to zero (hats, ignored i. 

Introducing the pA, of HF (= 3.2) into Ey. 3.29, we find, at 25 °C (298 K). that 


AG? — |8.3 KJ mol (4.36 kcal mol! 


The meaning of this standard free-energy change is that the Е ot the dissociation 
equilibrium. H;O* and F^. have 18.2 KJ mol (4.36 M mol" ' ) more free energy than ПЕ 
undissociated aoe HF: that is. the products are less stable than the reactants by 18.2 kJ mol" 
(3.36 kcal то!) under standard conditions: neüally taken tube | atm pressure (for gases) or 
| mole per titer for liquid solutions. Physically. this means that il we could somehow couple a 
Iree-energy source, such as a battery, to the HF ionization reaction. this Ballers would have to 
provide [8.2 KJ (4.36 Кеа of energy to convert one mole per liter of HE completely into one 
mole per iter of hydrated protons and one mole per liter of Tuoride ions. Or. we can turn the 
idea around; if we could somehow generate a solution containing one mole per liter ot hw- 
drated protons and one mole per liter of Buoride tons. this solution would release 18.2 
ki mol7! (4,36 keal mol! of free energy if the two reacted completely to give water and one 
mole per liter of HF. 

Let's now generalize this result for a reaction in which the starting material ts S and the 
produet is Р. The equilibrium constant A for the interconversion of 5 and P is related to the 
standard free-energy difference (Gp = Go) between P and 5 us tollows: 


AG? — GR- G2 — LART log К КЕП 
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Rearranging. 


(3.3 la} 


or 


(3.31b) 


eu 
‹ 4» Table 3.2 shows this relationship numerically. This table shows that 
а Жылт of 5.7 Y ri or 1.4 kcal mol! changes the equilibrium constant К by one order 


of magnitude. This free-energy change has the same effect on the product:reactant ratios at 
equilibrium. 


Notice the бнын. dependence of К. on XG^ 


Suppose that AG? is negative. This means that $ has a greater standard free energy than P, 
or the product P is more stable than the starting material 5. When S and P come to equilibrium, 
B ub be presen in Раша amount. This follows from Eq. 3.3ib: 


ex positive. and / Suppose, on the other hand, that AG? 15 ; positive. This 
means tl at 5 = а т vem free energy than P—that is, the product Р is /ess stable 
than the starting material $, When 5 and P come to ецш, S will be pee in greater 
amount. Again, this follows from Eq. 3.31b: ex pot 

his is the situation in the H—F ionization discussed Ta ionization 
products of HF (H,O* and F^) are less stable than HF. Hence, the equilibrium constant for 
their formation, K, is very small (10777). 


ШЕШЕ rhe Relationship between Standard Free-Energy Changes, 
Equilibrium Constants, and Relative Equilibrium Concentrations at 25 °С (298 К) 


AG? = —2.3RT log K,, or K,, = 10776 29" 


AG? AG" 
(kJ mol) (kJ mol 7) к, IProducts]:[reactants] 
+34.2 +84 0.000001 1:1000000 
+28.5 +7.0 0.00001 1:100000 
+22.8 Е +56 0.0001 ^ 110000 ——— T 
+17.1 T42 0.001 | 1:1000 
+11 4 +28 0.01 1:100 
Tax | +1.4 0.1 1:10 
0 | 0.0 1 | Г I 
-5.7] -1.4 10 10:1 
-114 -28 | 100 = 100:1 
el -4.2 | 1000 ез 10001 
-22.8 -5.6 10000 10000:1 
-2B.5 -7.0 100000 100000:1 


-34.2 -B.4 1000000 1000000:1 
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Let's summarize the important points of this section. 
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m concentration ratio Dy 


. 
It follows from these two points that if we can analyze relative stabilities of molecules, we can 
` then predict equilibrium constants by applying Eq. 3.31b. Notice carefully the implication of this 
statement: Knowledge of molecular stabilities can lead to an understanding of chemical phe- 
nomena—in this case, chemical equilibrium. Molecular stabilities will form the basis for our un- 
derstanding of other chemical properties as well—in particular. chemical reactivity. For this rea- 
son. we'll devote a lot of attention throughout this text to the relative stabilities of molecules. 


PROBLEMS - z e ' А 
| PROBLEMS | 3.16 (a) A reaction has a standard free-energy change of — 14.6 kJ mol ' (—3.5 kcal mol '). 


Calculate the equilibrium constant for the reaction at 25 "C. 
(b) Calculate the standard free-energy difference between starting materials and products for 
a reaction that has an equilibrium constant of 305. 

3.17 ial A reaction А + B C has a standard free-energy change of —2.93 kJ mol! 
(—0.7 kcal mol !) at 25 °С. What are the concentrations of A, B, and C at equilibrium if, at 
the beginning of the reaction, their concentrations are 0.1 M, 0.2 M, and 0 M, respectively? 

(b) Without making a calculation, tell in a qualitative sense how you would expect your an- 

B swer for part (a) to change if the reaction has instead a standard free-energy change of 

+2.93 kJ mol`! (--0.7 kcal mol” !). 

3.18 Complete each of the following statements with a number. Assume that the temperature is 

25 *C (298 K). 

(a) Two reactions have equilibrium constants that differ by a factor of 10. Their standard free 
energies differ by kJ mol’. 

(b) For every 1 kJ mol ' in standard free energy that two reactions differ, their equilibrium 
constants differ by a factor of 


RELATIONSHIP OF STRUCTURE TO ACIDITY 


The goal of this section is to help you learn to use the srrictures of compounds to predict 
trends in their chemical properties. The chemical property we are going to deal with here is 
Bronsted acidity, but what you learn can be brought to bear on other chemical properties. This 
section will answer the following question: How can we predict the relative strengths of Bron- 
sted acids within a series? Your ability to deal with questions like this will require that you use 
all that you have learned in the previous sections. 


A. The Element Effect 


1 m 1o which the acidic hydrogen is attached. ler the acidities of the 

following two compounds: 

CH;CH;—O —H СН a Е 
ethanol ethanethiol 


(an alcohal) A LANL er moreaptat 
рК, = 15.9 pA, = 10,5 
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These two compounds are structurally similar: the sole difference between them is the element 
(color) to which the acidic proton is attached. The elements come from the same group in the 
pertodic table, yet the acidity of the thiol is almost a million times that of the alcohol (which 
is about as acidic as water). Another important example of the same trend is the relative acidi- 
vies of the hydrogen halides. HI is the strongest of these acids; HF is the weakest. Line rele- 
vant pA, data are found i in 39016 3. l. ) шш data illustrate an АНЫДА пепа: 8 


Now let's see how acidities vary across the кейшг table within the same row, or period: 
Ы——©Е H—NH:; H — OH H—F 
, (3.22) 
pK, =55 35 15.7 3.2 


(The pK, values of methane and ammonia are so high li that they are not known with certainty. ) 
These data demonstrate another im portant trend: "чели 


опмеа астану а = ' 


L4. 4 
epnect ol CMe 


elem еп effect or | LU 

process of a typical acid H— А into three steps, as shown in e 3.332. We are flowed to 
do this by the first law of thermodynamics, which states simply that the energy difference be- 
tween two compounds doesn't depend on the pathway used to interconvert them, just as the 
height of a building doesn't depend on how one gets to the top to measure it. 


Bond breaking HA — Bet (3.332) 
Loss of an electron from H* lj? ——— ГР ce (3.23) 
Electron transfer to As E tA —ÀH ШЕР (3.33€) 
Sum: 4 = НУ Ar (3.33d) 


The first step (Eq. 3.332) is the breaking of the H—A bond "in half" with one bonding 
electron going to each atom. Thi Бүт i ed the bond di: iation 
energ ie bond 'Oclation emn the diri easure of bond strength. ` пеп we com- 
pare different bonds, th > bond ( stronger the bond. B 
acid dissociation involves breaking the pond to Turm pem bord energies premite in- 
creased acidity. 

The second ер of acid ЦЕНА (Eq. 3. hia Is loss of an 1 electron from the "ic 
Is the same for a s. it does not en er into a comparison of differens seii: 

The dea gen of xe dissociation E ansfer of an electron to A* to form the 
anion. | | 


: | cidity. Electron affinities roughly correspond to electronegativities 
(Table lp. 9). This i IS v РЕЙЗЕР because both are measures of electron attraction, 

The acidities of a number of common acids are shown in Fig. 3.1. p. 110, with the positions 
of the acids H— А corresponding to the positions of the elements A in the periodic table. The 
trends in acidity are shown with the purple arrows. These trends are a sum, or blend, of the 
trends in bond strengths and electron alfinities, as shown by Eqs. 3.33a and 3.33c. Within à 
group, or column. of the periodic table, bend strengths change significantiy, but electron 
affinities change relatively little, as indicated by the dashed arrow. Hence, the major factor 
governing the acidity increase from top to bottom within a column of the periodic table is the 
weaker bonds. Students are sometimes surprised that Н— ts a much stronger acid than 
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[ncreasing electron affinity 
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Figure 3.1 Factors affecting Bronsted acidity. The acidities of some Bronsted acids H—A are organized by the 
position of the elements А in the periodic table. The purple arrows show the trends in acidity along rows and 
columns of the periodic table. The solid arrows indicate the more important factor in each trend, and the dashed 
arrows show the less important factor. 


H—EF Even though fluorine is a much more potent “electron attractor” than iodine, the dom- 
inant effect governing acidity is bond strength: the H—I bond 15 much weaker than the H— F 
bond. 

Across a row of the periodic table, 


15 change relatively little (dashed arrow), 
j ES ficai | ease In acidity across a row of the periodic 
table, then, is matty controlled by the electron affinity of the elements to which the acidic hy- 


* 
5 drogen ts bonded. 
To summarize what we've learned about the element effect: 
| Tiber ol ala TI u 
| creasing 
e 
in- 


B. The Charge Effect 


Another important influence on acidity is the effect of charge on the atom bended to the acidic 
hydrogen. For example, the pK, of H4O* is — 1.7 and the pK, of H,O is 15.7. The major fac- 
tor responsible for this difference ts that a positively charged oxygen attracts electrons much 
more than a neutral oxygen. Because the bond to the acidic hydrogen in both cases is an 
O—H bond, bond strength 15 not an important factor. Such charge effects are quite general. 
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PROBLEMS 3.19 In each pair, which compound has the greater Brénsted acidity (smaller pK,)? 
+ ais + 
ia} :NH4 or NH, (b) СН;5Н or CH;SH; 


3.20 (а) Rank the following four acids in order of increasing Bronsted acidity. 


4 Ж э T 
CH3SH; H;F: CH4OH СОСН, 

А В C H 

D 


(b) Rank the following compounds in order of increasing basicity. (Hint: Think about the acid- 
ity of the conjugate acids and the relationship between the acidities of acids and the basic- 
ities of their conjugate bases.) 


HÖ: О} 3NE y 
A p m Ue 
NN ed dos 
{ MY \ Mgt 
Di v Ox 
200 qx 
C. The Polar Effect um s 


The previous two sections discussed effects on acidity that are associated with changes in the 
atom to which the acidic hydrogen is directly attached. [n this section, we consider the effect 
on E: that results trom substitution al a more remote location 1 In an acidic molecule. Our 


са X. 


boxylic acid in aqueous etiem x a small ем of ionization to give its sanjupate 
base, a carboxylate ion. 


acil 
hvdrogen Ex 
0: j HA m 
РА - + 
R—C—O—!li + HO «= я> R—-C= O: + H0O: (3.34) 
+ 
general structure of — — general structure of 
a carboxylic acid a carboxylate ion 


As shown in Eq. 3.34, carboxylate ions are resonance-stabilized. For convenience, we'll 
sometimes use the following hybrid structure for carboxylate ions, which shows the sharing of 
double-bond character and negative charge with dashed lines and partial charges: 


a 
ir 
рс! hybrid structure of a 
EN carboxylate ion 
oo * 


Consider the trend in acidity indicated by the following data for acetic acid and some of its 
substituted derivatives: 


i i i | 
EDD ГЕНЫ = ОН Е.ОН —C—0—H EC—C—O—H (2.33) 


acetic acid fluoroacetic acid difluoroacetic acid trifluoroacetic acid 
pK; = 4.76 pK, — 2.66 pK, = 1.24 pK, — 0.23 
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Within this series, the only structural difference from compound to compound is that hydro- 
gens have been substituted by fluorines several atoms away from the acidic hydrogen. The 
more fluorines there are, the stronger the acid. А similar effect is observed when other elec- 


tronegative atoms or groups are substituted into a carboxylic acid molecule. The following 


data illustrate the same type of effect: 


| i 


| 
СНз СНА 00 CH,CH;CH;—C —0— H 


butanoic acid C| 
pK, = 4.82 
4-chlorobutanoic acid 
pK, = 4.52 
С) 
Á : | 
CH;CHCH,—C—O—H ee f= H ( 3.36) 
Cl Cl 
3-chlorobutanoic acid 2-chlorobutanoic acid 
pK, = 4.06 pK, — 2,84 


These data show that the closer the electronegative group 15 to the acidic hydrogen. the greater 


` its effect on acidity. 
To understand these effects, we start with the standard free energy of the ionization process, 
Recall (Eq. 3.29. p. 106) that the standard free energy of ionization AG? is related to the dis- 
sociation constant K, of an acid by the equation 


AG? = 2.3RT (pK) (3.37) 


Rearranging this equation, we have 


These sopa show that AG and pK, are direc tt y proportional Remember 
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ucts of ionizati njugate base : d the c J itself. This is sho n 
in Fig. 3.2a. Look at тэа рап оѓ the бше = аа think abou what wontd Tees to the pA, of a 
carboxylic acid 1f we did something to increase the relative stability €! is, lower the relative 
халбага free c energy) ОН its OON Un base. Пиз! is shown | in Fig. 2.29.9 te the standar 
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polarity of the carbon рдей bond—thàt i is, its bond dipole. To кр this бек соры 
the electrostatic interaction (interaction between charges) of the negatively charged carboxy- 
late oxygens in fluoroacetic acid with the nearhy carbon-halogen bond dipole: 
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repulsive interaction 

between like charges 

destabilizes the ien 
(greater distance, less important) 


ak E s 


F x 
C— EF bond dipole -A СЄ 
eC- € T 
Н“ [ү о (3.39) 
H * a 
`“ ? Ts 


(active triteractian 
benween opposite charges 
A abilizes the ion 
smaller distance. more important 


This interaction is governed by the following equation, called the electrostatic law: 


` 


contribution to the total energy. This means that the interactions Б "tween fone sore on 
the oxygens and the positive end of the C—F bond dipole stabilize the ion. Now, the electrosta- 
tic law also governs the interactions of the carboxylate oxygens with the negative end of the 


stabilization of the 
carboxylate ion 


LIE DX Eg шш. ын ыш шш | 


_ AGS(2) 
ЗВТ 


|pK,(2) 


STANDARD FREE ENERGY 


R^C— OH 


weaker acid stronger acid 
(larger рК) (smaller pK;) 


(a) (b) 


Figure 3.2 (а) The pK, of an acid is proportional to the standard free-energy difference between an acid and its 
conjugate base. (b) Lowering the standard free energy of a conjugate base reduces the pK, of the acid and in- 
creases its acidity. The two un-ionized carboxylic acids have been arbitrarily placed at the same standard free en- 
ergy to focus attention on the relative free energies of the conjugate bases. 
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C—F bond dipole, and this interaction is destabilizing. However, this interaction occurs across 
a larger distance and therefore makes a less important contribution to the energy of the ion be- 
cause a larger r in the denominator of Eq. 3.40 reduces the magnitude of the interaction. Hence, 
the net interaction of the carboxylate oxygen and the nearby C—F bond dipole is an attractive, 
stabilizing one. As you can see from Fig. 3.2b, this stabilization lowers the pK, of an acid, or 
strengthens the acid. Because the carboxylic acid itself is uncharged, the effect of a fluorine sub- 
stituent on its stability is much less important and can be ignored. 

In ишу interaction of the Bod vim of the C—F bond with Ше negative charge on the 


4 1alogens (br other есета а шашы have an ac cid. esr ii hx: offect on the 
Further exploration 3.1 acidity of carboxylic acids. As the series In Eq. 3.35 shows, the more halogens there are, the 
Inductive Effects greater the effect on acidity. [n fact, trifluoroacetic acid borders on being a strong acid. 
Another way to describe the atts ERE or halogens and other electronegative $ is to say 
` hat they exert an electron- а olar effect because they pull electrons toward them- _ 


selves and away from the carbon to which | are attached. As we e might 1 imagine, oer groups 
eared — fi :alled an electron- ting polar effect (see Problem 3.43, 
p. 121), and such groups raise the TA or тарсе the xum of SUM „иЗ acid groups. 

The inverse relationship between the interaction energy E and distance r in Eq. 3.40 means 
\ that the magnitude of the interaction between charges diminishes as the distance between the 
interacting groups increases. Hence, polar effects should be smaller for compounds in which 
the two interacting groups are separated by greater distances (more bonds). Indeed, within the 
series of Eq. 3.36, you can see that the influence of a chlorine on the pK, decreases signifi- 
cantly as the chlorine is more remote from the carboxylate oxygen. 

The idea that the chemical properties of a compound follow from its structure is one of the 
major ideas of chemistry. In this section, you've begun to learn how structures of molecules 
affect their energies, and thus how structures affect chemical properties. We've focused on the 
chemical property of Bronsted acidity. To summarize: 
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| Study Problem 3.7 


Rank the following compounds in order of increasing basicity. 
O О 
| r= + 
H.C—C—O- —H,C—€—NH H;N—CH;—C—o- 
acetate ion acetamide anion glycine (an amino acid) 
A В = 
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Solution First recognize that a problem in relative basicity is equivalent to a problem in relative 
acidity. If you can rank the acidities of the conjugate acids, you've solved the problem. The rele- 
vant conjugate acids are 


| | + | 
H4L—C-— OH HiC—C — NH; HiN— CH;— C— OH 
acetic acid acetamide glycine conjugate acid 


AH BH CH 


Both AH and CH are carboxylic acids; in both cases, the acidic hydrogen is bound to an oxygen. 
The acidic hydrogen in compound BH is bound to a nitrogen. The difference in acidities of BH 
and the other two compounds is therefore due primarily to the element effect along the first row of 
the periodic table, and this is the most important effect. This effect predicts that the O—H group 
should be more acidic than a comparably substituted N—H group, because oxygen is more elec- 
tron-attracting than nitrogen. Thus, the acidities of both AH and CH are greater than the acidity of 
BH. The difference in the acidities of AH and CH is due to the polar effect of the H,N— group in 
compound CH on the acidity of the nearby carboxylic acid group. The full positive charge on the 
nitrogen has a favorable interaction with the negatively charged carboxylate oxygen. As shown in 
Fig. 3.2, this interaction stabilizes the conjugate base and thus enhances the acidity of CH. Hence, 
the final order of acidity is CH > AH > BH. Because stronger acids have weaker conjugate bases, 
the basicity order of the conjugate bases is C « А < B. Our prediction is correct: The actual pK, 
values are CH, 2.17; AH, 4.76; and BH, ~ 16. 


PROBLEMS 
| PROBLEMS | 3.21 Ineach of the following sets, arrange the compounds in order of decreasing pX,, and explain 


your reasoning, Â p. C "Eig 3h 
(а) CICH,CH,SH  CICH,CH,OH — CH,CH;OH | J 
5 | | 1 
CH,O—CH,—C—OH  H,C—C—OH ar acdc pB 
A d ОСН, OCH; С, 
+ + 
(€ Үн oH n 
HC—0—0H CI— CH,—C— OH H;C—C— OH 
A B С 


3.22 Calculate the standard free energy for dissociation of 
(а) fluoroacetic acid (pK, = 2.66) 
(b) acetic acid (pK, — 4.76) 


ad 
E 
ы 


Rationalize your answer to the previous problem by explaining why more energy is required 
to ionize acetic acid than fluoroacetic acid. (See Eq. 3.35for the structures.) 
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KEY IDEAS IN CHAPTER 3 


т Acompound is a Lewis acid (or electrophile) when it B Anucleophile is a Lewis base that donates an electron 


reacts by accepting an electron pair; a compound is a 
Lewis base (or nucleophile) when it reacts by donat- 
ing an electron pair. 


Electron-deficient compounds contain an atom that 
is short of an octet by one or more electron pairs. 


Electron-deficient compounds react as Lewis acids 
with Lewis bases in Lewis acid-base association reac- 
tions; the reverse of a Lewis acid-base association re- 
action is a Lewis acid-base dissociation. 


When an atom that is not electron-deficient receives 
an electron pair from a Lewis base, it must simultane- 
ously lose an electron pair to avoid violation of the 
octet rule. The resulting reaction is an electron-pair 
displacement reaction. 


All Lewis acid-base reactions involve either the reac- 
tions of Lewis bases with electron-deficient corn- 
pounds or electron-pair displacements. 


The curved-arrow notation is an important logical 
symbolism for depicting the flow of electron pairs in 
chemical reactions. The reaction of a Lewis base with 
an electron-deficient compound requires one curved 
arrow; an electron-pair displacement reaction requires 
two. 


The curved-arrow notation can also be used to derive 
resonance structures that are related by the move- 
ment of one or more electron pairs. 


А Brensted base is a Lewis base that donates a pair of 
electrons to a hydrogen in an electron-pair displace- 
ment reaction and removes it as a proton. In a Bren- 
sted acid-base reaction, a proton is transferred from a 
Bronsted acid to a Brensted base. 


When a Bronsted acid loses a proton, its conjugate 
base is formed, and when a Brensted base gains a pro- 
ton, its conjugate acid is formed. 


pair to an atom other than hydrogen. A leaving group 
accepts a pair of electrons from a breaking bond. The 
roles of nucleophile and leaving group in a forward 
reaction are exchanged in the reverse reaction. 


An electrophile is an atom that receives an electron 
pair from a Lewis base; "electrophile" is another word 
for "Lewis acid." 


The strength of a Brensted acid is indicated by the 
magnitude of its dissociation constant K,. Because dis- 
sociation constants for various acids can differ by 
many orders of magnitude, a logarithmic pK, scale is 
used, in which pK, = —log K,. The strength of a Bren- 
sted base is inferred from the K, (or рК) of its conju- 
gate acid. 


The equilibrium constant К. for a reaction is related 
to the standard free-energy difference AG? between 
products and starting materials by the relationship 
AG? = —2.3RT log Кы. Reactions with positive AG" 
values have K,, < 1 and favor starting materials at 
equilibrium. Reactions with negative XG? values have 
Keq 2 1 and favor products at equilibrium. 


The equilibrium constant for any Bronsted acid-base 
reaction can be calculated by subtracting the pK, of 
the acid on the left from the pK, of the acid on the 
right. A Bronsted acid-base equilibrium always favors 
the weaker acid and weaker base. 


Acidity, basicity, and other chemical properties vary 
with structure. Three structural effects on Bronsted 
acidity are the element effect, the charge effect, and the 
polar effect. 


The pK, of an acid is proportional to its standard free 
energy of ionization (.3G7). The process for analyzing 
the effect of structure on acidity is to assess the effect 
of structure on the energy of the charged species in 
the equilibrium and then to consider how the result- 
ing energy affects the pK . 
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ADDITIONAL PROBLEMS 


2.24 Which of the following are electron-deficient com- (e) Н 


2 Explai d Р 
pounds? Explain. С. + CH,NH, —— 


(a) CH, (h) CH, 
E | H 
C N 
iiie а „р he d 
HC CH Hc CH s f... e ; Е 
1 à : d 3.26 For each of the Brensted acid-base reactions shown in 
(t) CH (di CH Fig. P3.26, label the conjugate acid-base pairs. Then 
ы “1з : аа: : NE A 
às | give the curved-arrow notation for each reaction in the 
HiC—N—GCH; B lefi- an | li af] 
à ial: nin elt-to-rrght direction. 
| H.C^ “СН; В 
CH, а кє s CON. sse 
3.27 The conversion of alcohols into alkenes, a process called 
(e) CH; dehydration, lakes place as а SurtesstEis of three si mple 
| acid—base reactions, shown m Fig. P3.27 on p. 118. 
HiC—N: (a) Classify each reaction step in the forward direction 


with one or more of the following terms: 
m à. , Тра Lewis acid-base reaction 

325 Give the curved-arrow notation for, and predict the im- Т Ж 
: i (2) a Lewis acid-base association reaction 
mediate product of, each of the following reactions. j р ме Ау” t à 
А | w^ $ . 3) a Lewis acid-base dissociation reaction 
Each involves an electron-deficient Lewis acid and a v8 "i p 
(4) an electron-pair displacement reaction 


(51a Bronsted acid-base reaction 


Lewis base. 


(4) H3C—-O—CH, + BF, » (b) If the step is a Brensted acid-base reaction, indicate 


(hb) CH; the conjugate acid-base pairs. 
& (c) Classify each species (or atoms within each species) 
H;C—C— CH; + 002" with as many of the following terms as appropriate: 


" nucleophile, electrophile, leaving group, Lewis acid, 
(€) HO—CH; — CH; — CH; —CH — CH; - and/or Lewis base, 
(d) Draw the curved-arrow notation for each step in the 


(Aint: This reaction forms a ring.) -— 
left-to-right direction. 


"EE. 
СНВ +:С==О: — : | "TS 
3.28 Work Problem 3.27 for the reverse reactions in Fig. 


P3.27. 
(а) T T 
H;C—C—Ü—H + ÖH ——> H,C—C—Or + HÖ 


Б) der T 
H;C—C—O—H + HÖ —> нс—С—О: + HÓ* 
(c) HaC H4C 
| Р Ne E 
pur onde + BO* — JA ЕҢ + Н.О: 


HC HC 
id) Q—H "Or “Or HÖ: 
A . / 
aL. I C—O0 — OFC C-—0 
N д \ / 
CH—CH,— CH; CH—CH;— CH; 
"d y 
НЕС Н.С 


Figure P3.26 
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Step 1 CH, CH; 
$m 5 А 2 А 
V m + Ң=ОН„ ==  i34;7—60—O0Hs;.- HO 
CH; Н CH; D 
A © 
Step 2 CH, T Г, 
+ ua 
HyxC—C—OH, «= H,C—C* + OH; 
CH, CH; F 
C E 
Step 3 HC —H ii 
ar + 
H.C—ct + OH: P d C T H—OH; 
Hw є 7 
CH; G " I 


E (redrawn) 


Figure P3.27 


3.29 (a) Although we normally think of acetic acid as an 
acid, it can also act as a weak base. The conjugate 
acid of acetic acid is shown below. Using the 
curved-arrow notation. derive а resonance structure 
for this ion which, taken with the structure below, 
shows that the two —OH groups are equivalent. the 
two C—O bonds are equivalent, and the positive 
charge is shared equally by the two oxygens. Draw a 
single hybrid structure for this ion using dashed 
lines and partial charges that conveys the same idea. 


+ 
е 
H;C—C 
ОН 
conjugate acid of acetic acid 
ib) The resonance structures of carbon monoxide are 
shown below. Show how each structure can he con- 


verted into the other using the curved-arrow nota- 
lion. 


— =] 3.31 


:c =f): 


3.30 A scientist at an Air Force Research Laboratory in Cali- 
tornia studies "highly energetic materials" (explosive 
materials) and, more significantly, lives to tell about it. 
In 2000, he and his equally adventurous collaborators 
determined the X-ray crystal structure of the N;* 
cation; most salts of this cation are highly explosive, 


This is the first species ever isolated in modern times 
that contains more than three contiguously bonded ni- 
trogens. The crystal structure revealed a "V-shape" for 


the cation, as follows: 


Notice that the lines do not indicate the bonding pattern, 

but only the shape. 

(a) Draw an acceptable Lewis structure, including un- 
shared electron pairs, that accounts for the shape of 
the molecule and its overal plus charge. Explain 
why vour molecule meets these criteria. Be sure to 
show in your structure the formal charge of every 
atom with nonzero formal charge. 

(р) Using the curved-arrow notation, derive two addi- 
tional resonance structures for this cation thal meet 
the same criteria. 


Use the curved-arrow notation to derive resonance 

structures that convey the following ideas. In each case. 

draw a single hybrid structure using dashed lines and 

partial charges thal conveys the same meaning as the 

resonance sructures. 

(a) The outer oxygens of ozone, :ӧ=0—ӧ:-. һауе 
an equal amount of negative charge. 


ADDITIONAL PROBLEMS 119 


(б) All C—O bonds in the carbonate ion are of equal 3.34 Predict the products of each of the following reactions, 
length. and explain your reasoning. Use the curved-arrow nota- 
Ter поп to help you, and show the notation. 
I (a) CHH + 3ÓCH, — 
“ч | $ 
aw Ce (Hint: Remember that Bronsted acid-base reactions are 
In most cases wach faster than nucleophilic reactions.) 
carbonate ion (b) о à; 
; a + 
| > ct ate acid of formaldehyde. Н.С =О—Н. , " 
(c) The conjugate acid. à formaldehyde, H,C—40—H КЕ + «AlCl, 
has substantial positive charge on carbon. Asc CH, 
Draw the products of each of the following reactions in- i 
| ү АМЫ on ik О: + BF; —> 
dicated by the curved-arrow notation. 
(a) О: yMeBr СТ" "WEN 
peT А (d):OH + H,N—CH,CH, —> 
nc—cl сн, 
1 3.35 In each of the following processes, give the products and 


classify each of the groups indicated by a colored label 


( үш Еч . З 2 А 
b) ak with one or more of the following terms: Bronsted base, 
НСС UP =N: o—- Lewis base, Bronsted acid, Lewis acid, nucleophile, 
+ y 
J electraphile, and/or leaving group. You may have to be a 
с bit creative in assigning labels to some groups. If vou 
(с) КЕ have a problem, trv to state what the difficulty i5. 
«sv T ‚ (4) 
H,C— CH= CH-ÉO-- SitCHy); | 
- PEDI. | m 
(4) г СН:0:77 7*H--CH-——CH;—Br: ——> 
2 ‘ | Р | 
H,C—C-—OC.H, ——= : 
jas 
-HT 
NH; (bi 
> 
Use the curved-arrow notation to indicate the flow of “+ = 
seater dicate the iow cng Rite шы 
electrons in each of the transformations given in Fig. AD | | 
| 
P3.33. 
ial «ох Су 


А Isa + " 
(CH,);NH + H,C=CH—C—6C,H, — (CHiNH—CH;—CH—C—OG;H,; 


(В) О: 


| +" “= 


:Br—CH,—CH,—C—Or —— Ér + H,C=CH, + :О==С==б: 


(С) H.C — CH; 
hi) — EHEH — С] H - \ H Cl 
a — a z - — 1 CH: + ET 
2 2 2 Al мы, 2 чыл” 2 
ats is: 
(d) О: cQ: 


75 s. 
H.C— CH, + :CN ——» CH,—CH,—CN 


Figure P3.33 
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3.36 The examples of incorrect curved-arrow notation in Fig. 
P3.36 were found in the notebooks of Barney Bottle- 
brusher. a student who was known to have difficulty with 
organic chemistry. Explain what is wrong in each case. 


3,37. (a Naphthalene can be described by two resonance 
structures in addition to the following structure. De- 
rive these structures with the curved-arrow notation, 


— two additional 
structures 


naphthalene 


ibi Use the curved-arrow notation to derive three other 
resonance structures for anthracene. 


_ three additional 
structures 


anthracene 


3.38 (a) The standard free-enerev difference between 2,2-di- 
methylpropane and pentane is 6.86 kJ mol! (1.64 
kcal mol! x; 2,2-dimethylpropane is the more stable 
compound. If the two were present in an equilib- 
rium mixture, what would be the percentage of each 
in the mixture at 25 *C? 

(b) The energy difference between anti-hutane and ei- 
ther one of the eauche-butane conformations is 2.8 
kJ то! (0.67 kcal mol ') (Fig. 2.5, p. 54). Treat- 
ing this difference as a standard free energy. calcu- 
late Ihe amounts of gauche- and auti-butane present 
in equilibrium in one mole of butane at 25 °C. (Re- 
member that there are (wo gauche conformations. ) 


3,39 Arrange the compounds in each of the following sets in 
order of decreasing pK, highest first. Explain your rea- 


soning. 

(alCH,CH;OH  CLCHCH;OH CICH»CH,OH 

(b) CICH:CH-SH CH;CH;OH CH,CH,5H 
(al dar 


B 


I 
H,C—C—0— 


РИ + 
(c) H — Аз(СН,). CF iir 


H 

H— N(CHi H—P(CH; 

(d) CH4CH,OH 
+ 


340 Using Table 3.1, as well as the data given below, esti- 
mate the equilibrium constants for each of the following 
reactions at 25 °С, 

(NCHIN + H—CN => (CH,),NH + "CN 


pA, = 9.76 


(b) 
CH;CH,S—H + OH ж” CH,CH;S + HO 
pk, = 10.5 


3.41 (a) What is the standard free-energy change at 25 °C 
for reaction (a) in Problem 3.407 

(b) What is the standard free-energy change at 25 °C for 
reaction (bh) m Problem 3.40? 

(c} In reaction (a) of Problem 3.40, how much of each 
species will be present àt equilibrium if the initial 
concentrations of (CH4,N and HCN are both zero, 
and (CH) NH and СМ are present initially at con- 
centrations of 0.1 M? 


3.42. Phenvlacetic acid has a pK, of 4.31: acetic acid has a 
pK, of 4.76. 
О 
| 
eC —240—H 


acetic acid 


Fh —€H55-——68 —H 
phenylacetic acid 
(а) Which acid has the more favorable (smaller) stan- 
dard free energy of dissociation? 
(b 


What free energy would be expended to dissociate а 
1 M solution of phenylacetic acid completely into | 
M of its conjugate base and 1 M H,0*? 


Ha 


: i a " 
:ӦН —— H,xC—C—O> + H—OH 


(b) H,C—O:> НС: ——> HyC—O—CH, + Brim 
am uen ж. ка += A 


Figure P3.36 


(C) According to the рА data; which is pe ot polar ef 
lect 1s characteristie of the piens | grouk an eleg- 
Iron-itrawing polar effect or an electron- 


donating polar effect Expliim eur reasoning. 


3,43. Миюп acid has iso carbosa He avil ereups and curse- 
quently undergoes two таи reactions, The pA. for 
the first ionization of malonie asid is 286: de pA Tor 
the second is 5.70. The рА of acetic де s 4.76, 


t) i) i) 


{1 — i—i] 


acetic acid 


RI it Le 


malonig acid 


(а Write oul the equations for the first amd second ton- 
ations et malome acid, and label each wath the ap- 
propriate pA value. 


th 


r 


Why is the pest pA ob оолу acid much fewer 
than the рА | ot avetie avid. bet the second p& of 
malenie acad is much Анн dian die pA. ob aceti 
acu? 


Malone acid is one member o£ a homologous series 


— 


IV 
ab unbranened салох онға. soOealled Берас 
thes have two carboss асы] groups; Compounds 
in this series have the Pollowine general stricturc, 


O v 
| 


HO С 


Hos would seu expect the diference between the 
lirst arf second pA, values te change is a 1n- 
vreases? Explain. tur Look atc the denominator ol 


Uie electostatie Fes. Eq. 3.40, р, 1 E34 


3.44 Which of the tollo ing ro reactions would have aim 
чч тит constant more Hivorahle to the right? Ex- 


phan Saar ums er, 


il, 
Lil. Ul 
| | 
lu 4 -E o dli. wE dd C—u* MES 
| | 
UH, (С |], 
i 
CIE CE, 


RASC ОН + ILOT uw 3X du 
| | 


ES tT. 
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ААА From Fig. 3.2. p. |13, how would a миңди effect that 
destabilizes the acid component ol a conjugate ас Гах 
pair affect its ану? Use your analysis te predict s hich 
af the following тА о compounds is more haste. 

CL]. -UCH — NH. Ма 


A їз 


3.46 Derise һар 3.25h гр. НЫЕ that is. justi the procedure 


used in calculating the equilibrium constaat for che re- 
action of an asid and a base. Ffin: First show that A, 
K y А 


347 Forthe general acid. Dase reaction 
АН + B: mo BH + А: 


derive the relationship between AG? for the reaction 


amd the AC; values of the individual acids АН and BH. 


AM (a) The acid H] is considerably stronger Шап НЕ] 

ice Table 3.1. p. [031 Why, then. does a E177 M 
dqueeus мепеп ef either acid in water give the 
хате pH reading ef / 37 

ihi The amide ion, :ХН.. м hose conjusate bise am- 
moria has à рА T AS. as a much stronger base than 
hsalroxide, Yet a £077 M solution of either base in 
water lias pH — 1], Explam why the soutien ol the 


Stronger hase doesn't have à higher pH. 


3,49. The borohydride anion reacts with water in the 


Follow ime wu: 
B, c JILO — HO -BH, + H 


borohydride 
anion 


This overall transtormatien occurs 1n a sequence of wo 
reactions, the rc od whieh is shown in Ey. 3.6 on p. 
Jp. Wrlte our bork steps and eive the eurved-arrow no- 


tation l'or each. 


3.50. Astatine AT s the radioactive halogen that [ies helow 
ипе in Group 7X of the periodic table. How would 
veu expect the Following praperties to compare tereater 
or dess в) 
tat homi dissociation emerges ofl] At versus that of 

H—l 
Ihi eleciron affinity oF At versus that at | 


16) «Шын constant ol H -At sersus Фао | 


 |ntroduc 


ion to Alkenes. 


Structure and Reactivity 
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STRUCTURE AND BONDING IN ALKENES 


Alkenes are hydrocarbons that contain one or more carbon—carbon double bonds. Alkenes are 
sometimes called olefins, particularly in the chemical industry. Er/ylene is the simplest alkene. 


H H 
i uF 
C=C ür H;C—CH; 
/ N 
H H 


ethylene 
(substitutive name: ethene} 


Because compounds containing double or triple bonds have fewer hydrogens than the corre- 
sponding alkanes, they are cJassified as unsaturated hydrocarbons, in contrast to alkanes. 
which are classified as saturated bydrocarbons. 

This chapter covers the structure, bonding, nomenclature, and physical properties of 
alkenes. Then. using a few alkene reactions, some of the physical principles are discussed that 
are important in understanding the reactivities of organic compounds in general. 


The double-bond geometry of ethylene is typical of that found in other alkenes. Ethylene fol- 
lows the rules for predicting molecular geometry (Sec. 1.3B). which require each carbon of 
ethylene to have trigonal planar geometry; that is, all the atoms surrounding each carhon lie in 
the same plane with bond angles approximating 120^. The experimentally determined struc- 
ture of ethylene agrees with these expectations and shows further that ethylene is a planar 
molecule. For alkenes in general, the carbons of a double bond and the atoms directly attached 
to them all lie in the same plane. 

Models of ethylene are shown in Fig. 4.1. and a comparison of the geometries of ethylene and 
propene with those of ethane and propane 1s given in Fig. 4.2. Notice that the carbon—carbon 
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{4} th] 


Figure 4.1 Models of ethytene. (а) A ball-and-stick model. (Б) A space-filling model. Ethylene is a planar molecule. 


116.6° C= : k- Hu F 1.536 Å 
\ / 1330À 109.3? 
` 
H H 
ethylene ethane 
H 
а 121.1° 124.5 Om 
/ i nh ЙС 
nz С—С А 
\ МУ 133A : Í CH 
DE. ce ST cd 
мч 
Н 
ргорепе ргорапе 


Figure 4,2 Structures of ethylene, ethane, propene, and propane. Compare the trigonal planar geometry of 
ethylene (bond angles near 120°) with the tetrahedral geometry of ethane (bond angles near 109.5"). All car- 
bon-carbon double bonds are shorter than carbon-carbon single bonds. The carbon-carbon single bond in 
propene, moreover, 15 somewhat shorter than the carbon-carbon bonds of propane. 


double bonds of ethylene and propene (1.33 А} are shorter than the carbon-carbon single bonds 
of ethane and propane (1.54 À). This illustrates the relationship of bond length and bond order 
(Sec. 1.3B): double bonds are shorter than single bonds between the same atoms, 

Another feature of alkene structure 1s apparent from a comparison of the structures of 
propene and propane in Fig. 4.2. Notice that the carbon-carbon single bond of propene (1.50 A) 
is shorter than the carbon—carbon single bonds of propane (1.54 A). The shortening of all these 
bonds is a consequence of the particular way that carbon atoms are hybridized in alkenes. 


Carbon Hybridization in Alkenes 


The carbons of an alkene double bond are hybridized differently from those of an alkane. In this 
hybridization (Fig. 4.3, p. 124), the carbon 2s orbital is mixed. or hybridized, with only two of 
the three available 2p orbitals. In Fig. 4.3, we have arbitrarily chosen to hybridize the 2p, and 
2p, orbitals. Thus, the 2p. orbital is unaffected by the hybridization. Because three orbitals are 
mixed, the result is three hybrid orbitals and a “leftover” 2р. orbital. Each hybrid orbital has one 
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unaffected bv hybridization 
p——— ++ 


Я í А . ЖЕ | 
«P ` б. | mix 25, 2p,, and мз : ‘ | hybrid 
?, 2р | Side crit Ment) —£f— | 4 yu 
“Px ^P, 4 | 2p, orbitals erp y алй | orbitals 
| eS a | 
9 Tl | 
25 + 
unaffected In 
hybridization а 
|$ tp — |; T 
atomic carbon: carbon in ethylene 


(159028) 2,42 p) 


Figure 4.3 Orbitals of an sp?-hybridized carbon are derived conceptually by mixing one 25 orbital and two 2p 
orbitals, in this case the 2p, and 2p, orbitals, shown in red. Three sp* hybrid orbitals are formed (red) and one 2p, 
orbital remains unhybridized (blue). 


wave wave peak 
trough | 


1 -= 


noda 
surtace 


(a] cb) 


Figure 4.4 (a) The general shape of an sp^ hybrid orbital is very similar to that of an sp^ hybrid orbital, with a large 
and small lobe of electron density separated by a node. (Compare with Fig. 1.16a, p. 40.) (D) A common stylized 
representation of an sp^ orbital. (c) Spatial distribution of orbitals on an sp*-hybridized carbon atom. The axes of 
the three sp" orbitals lie in a common plane (the xy-plane in this case) at angles of 120°, and the axis of the 2p, or- 
bital is perpendicular to this plane. 


part s character and two parts p character. These hybrid orbitals are called sp^ (pronounced "s- 
p-1wo") orbitals, and the carbon is said to be sp?-hvbridized. Thus, an хр? orbital has 33% s 
character (in contrast to an sp" orbital, which has 25% s character). A perspective drawing of an 
зр" orbital is shown in Fig. 4.4a. and a commonly used stylized representation of an sp* orbital 
is shown in Fig. 4.4b. If you compare Fig. 4.4a with Fig. 1.16a (р. 40), you can see that the 
shape of an individual sp^ orbital is much like that of an sp" orbital. The difference between 
these two types of hybrid orbitals is that the electron density within an sp“ orbital is concen- 
trated slightly closer to the nucleus. The reason for this difference is the larger amount of s char- 
acter in ап sp” orbital. Electron density in a carbon 2s orbital is concentrated a little closer to the 
nucleus than electron density in a carbon 2p orbital. The more s character a hybrid orbital has. 
then. the more “y-like” its electrons are, and the closer its electrons are to the nucleus. 
Because the 2p, and 2p, orbitals are used for hybridization, and because the 2s orbital is 
spherical (that is, without direction), the axes of the three sp^ orbitals lie in the xv-plane (see 
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2p. orbitals 


= Sp 1$ ¢ arpon [1% drogen (T bonds 


r i | zl ч 
р-р" carbon carbon єг bond 


Figure 4.5 A hybrid orbital picture for the т bonds of ethylene. А 2p, orbital on each carbon (dashed lines) is left 
over after construction of er bonds from hybrid orbitals. 


Fig. 4.4); they are oriented at the masimum angular separation of 1207, Because the “leftover” 
tanhybridized) 2р orbital is a 2p. orbital, its axis is the zaxis, which is perpendicular to the 
Plane containing the axes of the sp orbitals. 

Conceptual. ethylene can be formed in the hybrid orbital model by the bonding of two ap- 
hybridized carbon atoms and four hydrogen atoms (Fig. 4.5). An spo orbital on one carbon con- 
taining one electron overlaps with an хр" orbital on another to form à two-electron ур «p^ C—C 
er bond. Each of the (wo remaining ap orbitals. each containing one electron. overlaps with à 
hydrogen 1х orbital. also containing one electron. to form a bio-eleetron spils C—H er bond. 
These orbitals ассои for the four carbon Bs drogen bonds and one ol the two carbon-curhon 
bonds of ethylene. which together comprise the хол рола framework of ethylene. (We have 
not vet accounted for the 2p orbital on each carbon.) Notice carefully that the trigonal planar 
eeometrs of each carbon of ethylene is a direct consequence of the was ity spr orbitals are dj- 
rected in space. Опсе again. we see that Zrvbeidizution and molecular geometry are related, 
(Sev. 1.9). Whenever a main-group atom hus trigonal planar geometry, its hybridization is sr. 
Whenever such an atom has tetrahedral geometry, its hybridization is хр”, 


The = (Pi) Bond 


The two 2p. orbitals not used in c-bond formation (dished lines in Fig; 4.5) overlap side-t0- 
side ro form the second bond of the double bond. In the hybrid orbital picture, each 2p. orbital 
contributes one electron to make an electron-pair bond. A bond formed by the side-to-side 
overlap of p orbitals is called a zz bond. (The sx mbol zr. or pi, is used hecause wis the Greek 
equivalent of the letter р and because the m bond originales from the overlap of p orbitals.) 

To visualize electron. distribution in a zz bond, we ll use molecular orbital (MO) theory 
(Sec, LS) MO theory provides a rtcher description of the 7 bond. and it also forms the basis 
for understanding of ultraviolet spectroscops. tan important tool for molecular analysts: see 
Sec, 18.2) às well as a class of reactions called pericvelte reactions (Chapter 27). Notice that 
We ure treating the е- ропа framework with hybrid orbital theory and the z hond with MO the- 
ory, This is justified in MO theory because the zz МО are. to d good approximation. mdepen- 
dent of the other MOs of an alkene molecule. This is another relatively rare situation tas in di- 
hydrogen. Hy: Sec. E8B1in which molecular orbitals are associated with a particular bond that 
we can draw in a Lewis structure. 

The interaction af two Jp. orbitals of ethylene by a side-to-side overlap is shown m an 
orbital interaction diagram (Fig. 4.6. p. 126). Because ако atomie orbitals are used. two mole- 
cular orbitals are furmed, These are formed bs additive and subtractive combinations of the 2p. 


Li [| а 
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тп“ molecular orbital 
ANTIBONDING 
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planes 


dee rm energy of isolated SLUT 
~ 
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rd 
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Figure 4.6 An orbital interaction diagram showing the overlap of 2p orbitals to form bonding and antibonding т 
molecular orbitals of ethylene. The т bond is formed when two electrons occupy the bonding z molecular orbital. 
Wave peaks and wave troughs are shown with different colors. The nodal planes are perpendicular to the page. 


orbitals. Remember that subtracting orbitals is the same as reversing the peaks and troughs of 
one orbital and then adding. 

The bonding molecular orbital that results from additive overlap of the two carbon 2p or- 
bitals is called a zz molecular orbital. This molecular orbital. like the p orbitals from which it 
is formed, has a nodal plane (shown in Fig. 4.6): this plane coincides with the plane of the eth- 
ylene molecule. The antibonding molecular orbital, whicb results from subtractive overlap of 
the two carbon 2p orbitals, is called a 77* molecular orbital. [t has two nodes. One of these 
nodes is the plane of the molecule, and the other is a plane between the two carbons, perpen- 
dicular to the plane of the molecule. The bonding (7) molecular orbital lies at lower energy 
than the isolated 2p orbitals, whereas the antibonding ( 7*) molecular orbital lies at higher en- 
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ergy. By the aufbau principle, the two 2p electrons (опе from each carbon, with opposite spin) 
occupy the molecular orbital of lower enerey—the т molecular orbital. The antibonding mol- 
ecular orbital is unoccupied. 

fhe filled a molecular orbital is the s bond. Unlike ao bond. а m bond is not eylindrically 
svimimetrical about the [ime eonnecting the two nuclei. The ят bond has electron density both 
above and below the plane of the ethylene molecule. with a wave peak on one side of the mol- 
есше. a wave trough on the other. and a node in the plane of the molecule. This electron dis- 
Iribution is particularly evident from an EPM of ethylene, which shows the local negative 
charge associated with electron density above and below the molecule. 


j 


7-electron density above and below 
the plane of the molecule 


` ч. 


ЕРМ of ethyfene 


IL is important to understand that the z bond is ene bond with two lobes. just as а 2p orbital is 
ane orbital with two lobes. In this bonding picture, then, there are two types of carbon-carbon 
honds: a o bond. wilh most of its electron density relatively concentrated between the carbon 
Шой, und а zz bond. with most ot its electron density concentrated above and below the plane 
of the ethyiene molecule. 

This bonding picture shows why ethylene is planar. If the two CH. groups were twisted 
away from coplanarity, the 2p orbitals could not overlap to form the тт bond, Thus. the over- 
lap of the 25 orbitals and consequently the very existence of the m bond require the planarity 
of the ethylene molecule. 

Án important aspect of the т electrons ts their relative energy. As Tig. 4.5 suggests. the Ip 
electrons (which become the z electrons of ethylener have higher energy than the electrons in 
the hybrid orbitals. Thus, z electrons generally have higher energy than o electrons, just as р 
electrons have higher energy than à electrons, A consequence of this higher energy 15 that 357 
electrons are more easily removed than o electrons. In Fact; wel find thal electrophiles react 
preferentially with the я electrons in an alkene because those electrons are most easily do- 
nated. Most of the important reactions of alkenes involve the electrons of the s рона, and 
тапу of these reactions involve ie reaction af electroplales with the T electrons, 

The mbond is also a weaker bond than typical carbon carbon er bonds because 7 overlap. 
which is “side-to-side.” is inherently less effective than e overlap, which is “head-to-head.” It 
takes about 243 kJ mol! (88 kcal mol ^) of energy to break a earbon-carbon 7 bond. whereas 
about 377 kJ mol”! (90 kcal то) break the carbon-car- 


и takes a much greater energy 
bon c bond of ethane. 

Return to the structure of propene in Fig. 4.2. and notice that the carbon-carbon bond to the 
— СН, group is shorter by about 0.04 A than the carbon-carbon bonds of ethane or propane. 
This small but real difference is general: single bonds to an sp--hybridized carbon are some- 
whit shorter than single bonds to an sp^-hybridized carbon. The carbon-carbon single bond of 
propene, for example, is derived from the overlap of a carbon sp^ orbital of the — CH, group 
with a carbon sp” orbital of the alkene carbon, A curbon-carbon bond of propane is derived 
from the overlap of two carbon sp’ orbitals. Because the electron density of an хр" orbital is 
somewhat closer to the nucleus than the electron density of an sp° orbital, a bond involving an 
sp“ orbital. such as the one in propene. is shorter than one involving only хр orbitals, such as 
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Ihe one in propane. In other words. within bonds of à given bond order. fends with more s 
йик ек arc Минен 


11 
Ні Н 
У | ый 
( =—{( | L. ba C] | 
КШ sp* single bond sp —sp singie nant 
(shorter) (longet 


C. Double-Bond Stereoisomers 


The bonding in alkenes has other interesting consequences. which are illustrated by the four- 
carbon alkenes, the butenes. The butenes exist in isomeric forms. First. in the butenes with un- 
branched carbon chains, the double bond mas be located either at the end or in the middle of 
the carbon chain. 


пх ——CH — CH. — EH, ПСН, 
| -buitene 2-butenc 


Isomerie alkenes, such as these. that differ in the position of their double bonds are further ex- 
amples of constilitional Iomers (Sec. 24A 

The structure of 2-butene illustrates another important type of isomerism. There are sve 
separable, distinct 2-butenes, One has а boiling point ot 3.7 °C: the other has а boiling point 
of 0.88 7C. In the compound with the higher boiling point, called ¢fs-2-butene or (7)-2-butene, 
the meths | eroups are on the same side of the double bond. [n the ether 2-butene. called (rans 
2-butene, or (E j2-hütene, the methyl groups are on apposite sides ef the double bond. 


а Cil, Н CH, 
1 y N / 
[ — Ñ. = | 
y x 7 
[І 14 Ht. H 
cis-2-butene trans-2-butene 
[Z1-2-butene [Ej-2-butene 


These isomers have identical atonne cenmnectiviries ССН, connected to CH. CH doubls bonded 
to CH. CH connected to CH; Despite their identical connectivities, te nve compounds differ 
m the wav Heir constiteut ams are arranged m space, Compounds with identical connectiv- 
ities that differ in the spatial arrangement of their atoms are culled stereoisomers. Hence. vis- 
and rram-2-butene are stereoisomers. (The (E 9 and CZ 9 notation has been adopted bs the IPAC 
as a general way ot naming cis and trans isomers. This notation is discussed in Sec. 4.2 B.) 

The Intercom erston of ch- and mns-2-butene requires a E80? internal cotation about the 
double bond—thal is. à rotation of one carbon while holding the other carbon stationary. 


| Н 180° H.C H 
X. / internal rotation ? % | y 
m= ——* C=C 14.11 
/ N / \ 
P =н, Н CH; 
cis-2-butene trans-2-butene 


(interconversion does not occur at ordinary temperatures) 


Because ch- and mans-2-butene do not interconvert, even at relatively high temperatures, it 
ооз s thal this internal rotation must be very slow. For such an internal rotation lo occur. the 
Ap ога on each carbon must be bwisted awas from coplanarts ; that is; te z bend тим be 
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bonding 7 
molecular orbital 


2p orbitals cannot overlap: 
therefore zr bond is broken 


trans C15 


Figure 4.7 Internal rotation about the carbon-carbon double band in an alkene requires breaking the z bond. 
This does not occur at ordinary temperatures because too much energy is required. 


broken. (Fig. 4.7). Because bonding is energetically favorable. lack of it is energetically costly. 
It takes more energy to break the z bond than is available under normal conditions; thus, the 
T bond in alkenes remains intact. and internal rotation about the double bond does not occur. 
In contrast. internal rotation about the carbon-—carbon sinele bonds of ethane or butane can 
occur rapidly (Sec. 2.3) because no chemical bond is broken in the process. 

Cis- and rrans-2-butene are examples of deuble-bond stereoisomers. Double-bond 
stereoisomers (also called cis-trans stereoisomers or £,Z-stereoisomers) are defined as 
compounds related by an internal rotation of 180° about the double bond. (We can always 
imagine such à rotation even though it does not occur at ordinary temperatures.) Another 
equivalent definition is that double-bond stereoisomers are different compounds related by in- 
terchange of the two groups at either carbon of a double bond. 


AG H AG T 
c= / interchange colored groups C—C d) 
/ M. / N 
H CH; H H 


different compounds, 
therefore double-bond stereoisomers 


When an alkene can exist as double-bond stereoisomers. both carbons of the double bond 
are stereocenters. Interchanging two groups at a stereocenter gives stereoisomers. (Other 
terms that mean the same thing are stereogenic atom and stereogenic center.) 


these carbons these carbons 
are stereocenters are stereoceniers 
Л А 
нс у \ СН; Н / \ CH 
YF M кт А, 
EE SERLO 

"à P Fi i 

H H НАС Н 


stereoisomers 


Because the exchange of the two groups at either carbon of the double bond gives stereotso- 
mers, each of these carbons is а stereocenter. 
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You'll learn in Chapter 6 that double-bond stereoisomers are not the only type of stereoiso- 
mer. [n every set of stereoisomers we'll be able to identify one or more stereocenters. 


| Study Problem 4.1 


Tell whether each of the following molecules has a double-bond stereoisomer. If so, identify its 


stereocenters. 
es \ 
C—C C=C 
Otis / 
H CH; HC H 
A B 


Solution Apply the definition of double-bond stereoisomers as illustrated in Eq. 4.2. That is, in- 
terchange the positions of the two groups at either carbon of the double bond. This process will 
give one of two results: either the resulting molecule will be identical to the original—that is, su- 
perimposable on the original atom-for-atom—or it will be different. If it's different, it can on/y be 
a stereoisomer, because its connectivity is the same. 

In molecule A, interchanging the two groups at either carbon of the double bond gives differ- 
ent molecules. In the original, the methyl groups are trans; after the interchange, the methyl 
groups are cis. Hence, A has a double-bond stereoisomer: 


C CHCH: НС CH, 
nic d interchange colored groups C= d (4.3) 
y \ pov . 

CH, H | CHCH; 


different compounds, 
| therefore double-bond stereoisomers 


(You should verify that exchanging the two groups at the other carbon of the double bond gives 
the same result.) The two carbons of the double bond are both stereocenters. 

In the case of structure B, interchanging the two groups at either carbon of the double bond 
gives back an identical molecule. 


H;C CH 3 H;C H HG CH 1 
N / А interchange colored groups \ / rotate 180" \ y 
C=C г E De _—— C=C 
/ m x Zo X 

HC HEE H4C H 
mo. d- -——— ———————Ó 
identical molecules | (4.4) 


You may have found that the structure you obtained from interchanging the two groups doesn't look 
identical to the one on the left, but it is. You can demonstrate their identity by flipping either struc- 
ture 180° about a horizontal axis (green dashed line)—in other words, by turning it over, as shown 
in Eq. 4.4. But if you have difficulty seeing this. you must build molecular models of both structures 
and convince yourself that the two can be superimposed atom-for-atom. There is no substitute for 


model building when it comes to the spatial aspects of organic chemistry! After a little work with 
models on issues like this, you will develop the ability to see these relationships without models. 
STUDY GUIDE LINK 4.1 Study Guide Link 4.1 offers more insights about how to achieve facility in relating alkene structures. 
Different Ways to 


Draw the Same Because interchanging two groups in Eq. 4.4 does not give stereoisomers, this alkene contains 
Structure no stereocenters. 
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PROBLEM | Р Е. - 
| PROBLEM | 4.1 Which of the following alkenes can exist as double-bond stereo? Identify the stereocenters in 
each. 
(a) H;C—CHCH;CH;CH; — (b CH43CH;CH — CHCH;CH; 
I-pentene 3-hexene 
ic) H;C—CH—CH-CH— CH; — (d) SPI TE (e) N 


1,3-pentadiene CH, 
| ` cyclobutene 
2-methyl-2-pentene 


(Hint for part (e): Try to build a model of both stereoisomers, but don't break your models!) 


NOMENCLATURE OF ALKENES 


A. IUPAC Substitutive Nomenclature 


The IUPAC substitutive nomenclature of alkenes is derived by modifying alkane nomencla- 
ture in a simple way. Ап unbranched alkene is named by replacing the але suffix in the name 
of the corresponding alkane with the ending ene and specifying the location of the double 
bond with a number. The carbons are numbered from one end of the chain to the other so that 
the double bond receives the lowest number. The carbons of the double bond are numbered 
consecutively. 


| 3 à і 1 г! 
H;C—CH —CH;CH;CH,;CH,; | -hexene 


һеханё + ene = hexene | ' 
position of double band 


The IUPAC recognizes an exception to this rule for the name of the simplest alkene, 
H.C—CH., which is usually called ethylene rather than ethene. (Chemical Abstracts 
(Sec. 2.4D, p. 66), however, uses the substitutive name ethene.) 

The names of alkenes with branched chains are, like those of alkanes, derived from their 
principal chains. In an alkene, the principal chain is defined as the carbon chain containing 
the greatest number of double bonds, even i this 15 not the longest chain. If more than one can- 
didate for the principal chain have equal numbers of double bonds, the principal chain is the 
longest of these. The principal chain is numbered from the end that results in the lowest num- 
bers for the carbons of the double bonds. 

When the alkene contains an alkyl substituent, the position of the double bond, not the po- 
sition of the branch, determines the numbering of the chain. This is the main difference in the 
nomenclature of alkenes and alkanes. However, the position of the double bond is cited in the 
name after the name of the alkyl group. Study Prohlem 4.2 shows how these principles are im- 
plemented. 


< 


Study Problem 4.2 


Name the following compound using IUPAC substitutive nomenclature. 
H;C йу) == CH;CH.CH; 
CH,CH,CH,CH,CH, 
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Solution The principal chain is the longest continuous carbon chain containing both carbons of 
the double bond, as shown in color in the following structure. Note in this case that the principal 
chain is Aor the longest carbon chain in the molecule. The principal chain is numbered from the 
end that gives the double bond the lowest number—in this case, 1. The substituent group is a 
propyl group. Hence, the name of the compound is 2-propyl- | -heptene: e 


position of the substituent group 


position of the double bond 


wicorreci numbering s. > | | | 
correct numbering = | ! s 
H „© = .— CH3CH4CH4 2-propyl-i-heptene 


CH С Pa СНС Н; С ‚Н ~— principal chain (longest chain 
6 containing the double bond; 
di e NI | double bond receives the lowest number) 


If a compound contains more than one double bond, the «ne ending of the corresponding 
alkane is replaced by аселе (if there are two double bonds), arriere (if there are three double 
bonds), and so on. 

H;C—CHCH;CH;CH — CH: 


1,5-hexadiene 


Study Problem 4.3 


Name the following compound: 
CH;—CH —CH; 


| 
CH, 


Solution The principal chain (color in the following structure) is the chain containing the 
greatest number of double bonds. One possible numbering scheme (red) gives the first- 
encountered carbons of the two double bonds the numbers 1 and 4, respectively: the other possi- 
ble numbering scheme (blue) gives the first-encountered carbons of the double bonds the numbers 
2 and 5, respectively. We compare the two possible numbering schemes pairwise—that is, (1,4) 
versus (2,5). The lowest number at first point of difference (1 versus 2) determines the correct 
numbering. The compound is a 1,4-hexadiene, with a butyl branch at carbon-4, and a methyl 
branch at carbon-5: 


| 3 p= Incorrect numbe rng 
3 2 | —-—— correct numbering 
CH;— CH —CH; —— principal chain 


CH4CH;CH;,CH;,— 4-butyl-5-methyl-1,4-hexadiene 


number of double bonds 
CH; 


positions of double bonds 


positions of substituents 


If the name remains ambiguous after determining the correct numbers for the double bonds, 
then the principal chain is numbered so that the lowest numbers are given to the branches at the 
first point of difference. 
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Study Problem 4.4 


Name the following compound: 


Solution Two ways of numbering this compound give the double bond the numbers 1 and 2. 
CH, CH; 
d 3 GE hos СИ; 


possible names: 1,6-dimethylcyclohexene — 2,3-dimethylcyclohexene 
(correct) Linicarrect | 

In this situation, choose the numbering scheme that gives the lowest number for the methyl 
substituents ar rhe first point of difference. In comparing the substituent numbering schemes 
(1.6) with (2,3), the first point of difference occurs at the first number (1 versus 2). The (1,6) 
numbering scheme is correct because 1 is lower than 2. Notice that the number 1 for the 
double bond is not given explicitly in the name, because this is the only possible number. That is, 
when a double bond in a ring receives numerical priority, its carbons must be numbered consecu- 
tively with the numbers 1 and 2. That's why the following numbering scheme is incorrect. One 
carbon of the double bond has the number 1, but the other is not numbered consecutively. 


CH; 


1,2-dimethylcyclonexene 
incorrect because carbons of double hand 
are not numbered consecutively} 


Substituent groups may also contain double bonds. Some widely occurring groups of this 
type have special names that must be learned: 


ушу! allyl UT à 
isopropenyl 


Other substituent groups are numbered from the point of attachment to the principal chain. 


CH=CH, CH, —CH=CH—CH; 


f 


3-vinylcyclohexene !-( -but enyl)cyclohexene 
A 


position of double bond within 
the substituent 


position of the substituent group 
on Ihe principal chain 
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The names of these groups, like the names of ordinary alkyl groups. are constructed from the 
name of the parent hydrocarbon by dropping the final e from the name of the corresponding 
alkene and replacing it with y/. Thus, the substituent in the second example above is buteng + 
yl — butenyl. Notice the use of parentheses to set off the names of substituents with internal 
numbering. 

Finally, some alkenes have nonsystematic traditional names that are recognized by the 
[UPAC. These can be learned as they are encountered. Two examples are styrene and isoprene: 


Ph— CH=CH; H;C—C—CH-—GCH; 
styrene CH, 
isoprene 


(Recall from Sec. 2.9B, p. 82, that Ph— refers to the phenyl group. a singly substituted ben- 
zene ring.) 


More Recent IUPAC Nomenclature Recommendations 

The nomenclature in this text is based on the widely used 1979 IUPAC rules.In 1993, the IUPAC rec- 
ommended an alteration in nomenclature that places the number of the double bond just before 
the ene suffix of the name. Thus, in the new system, 1-hexene is named hex-1-ene, and 2,4-hexadiene 
is named hexa-2,4-diene. This new system is being used by some chemists and not by others. While 
the system is logical, its general adoption would require chemical indexing systems either to recog- 
nize both old and new names or to cross-reference between them. Because Chemical Abstracts has 
not adopted the new system, we won't use it in this text. However, conversion between old and new 
names is.a simple matter of moving the numerical designation. 


ача | 42 Give the structure for each of the following: 


(a) 4-methyl-1,3-hexadiene (b) 2-methylpropene {сє} L-15opropenylcyclopentene 
(d) 5-(3-penteny!)-1,3,6,8-decatetraene 


43 Name the following compounds. 
ia) СН; (b) CH,CH.CH=CHCH,CH,CH, 


CH: 


(c) HLC—CH—CH —CH,—CH —CH—CH —CH;— CH; 
CH; —CH —(CH; 


B. Nomenclature of Double-Bond Stereoisomers: The E,Z System 


The cis and trans designations for double-bond stereoisomers are unambiguous when each 
carbon of a double bond has a single hydrogen, as in cis- and trans-2-butene. However, in 
some important situations, the use of the terms cis and trans is ambiguous. For example, 15 the 
following compound, a stereoisomer of 3-methyl-2-pentene, the cis- or the frans-stereoisomer? 


НС C-H; 
\ 


Step 1 


Step 2 


Step 3 
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One person might decide that this compound is trans, because the (wo ulentieal groups are on 
apposite. sides of the double bond. Another might decide that iis cis. because the larger 
and the use 
of both conventions simultaneously in the chemical [tlerature—brought about the adoption of 
an unambiguous system Tor the nomenclature of stereoisomers, This system, Brest pahlished in 
[951. 18 part of a general system for the nomenclature of stereorsemers culled the Cahn-IEn- 
gold—Prelog system alter its inventors. Robert 8. Cahn (1899-1981). then editor of the лее 
nal ofthe Chemical Society, the most prestigious British chemistry journal: Sir Christopher К. 
Ingold (1893- 19703. a professor al University College. London. whose work played u very 
wnportant part. in the development of modern. organie chemistry: and Vladimir. Prelog 
(1906-1998), à professor at the Swiss Federal Insutute of Technology, who received the 1975 
Nobel Prize in Chemistry for his work in organie stereochemistry, When we apply. the 


groups ate an the same sale of the double bond. Емил this sort ot ambiguity 


Cahn-Ingold-Prelos system to alkene double-bond stereochemistry. wel) veter to it simply as 
the EZ system for reasons that will be immediately apparent. 

The £.4 system involves assignment of relative priorities lo the (wo groups on each carbon 
ot the double bond according to ü set of sequence ries given an the steps to be described below. 
We then compare the relative locations of these groups on each alkene carbon. 11 the groups of 
higher priority are on the same side of the double bond. the compound is sald to have the 4 econ- 
[ieuration (Z from the German word zisaminen, meaning “together 3. 1 the groups of higher 
priority are on opposite sides of the double bond. the compound is said to have the & configu- 
rahon (CE trom the German eitgegen, meaning "across. d 


high priority high priority high priority low priority 


SC C —t 


hm 
"s 


low priority low priority low priority high priority 


PA E) 


For a compound with more than one double bond. the configuration of euch double bond ts 
specilied separately, 

To assign relate priorities. proceed through each ot the following steps in order until ade- 
cbion is reached. Study Problems 4.5 and 4.6 illustrate the use of these steps. 


Examine the atoms directly attached to a given carbon of the double bond, and then fol- 
low the first rule that applics. 


Rule la Asien fiteher priority ta the group containing the atom af fighter atonio mumber. 


Rule Б Assign higher priority to the group containing the isetepe of ийек afeimic mass. 


If the atoms directly attached to the double bond are the same, then, working outward 
from the double bond, consider within each group the set of attached atoms. You'll have 
two scts—one for each group on the double bond. 


Rule 2 Arrange the attached atoms within euch set in descending priority order and make u 
pairwise comparison of te atoms in tfe two sets, The higher priority ts asstgned to the atom of 
higher atomic number (or atomic mass in the cause of belope) ut the first polit of difference. 


If the sets of attached atoms are identical, move away from the double bond within cach 
group to the next atom following the path of highest priority, and identify new sets of at- 
tached atoms. Then apply rule 2 to these new sets. Keep following this step until a deci- 
sion is reached. Remember that a priority decision must be made at the first point of dif- 


ference. 
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Study Problem 4.5 


What is the configuration of the following stereoisomer of 3-methyl-2-pentene? (The numbers 
and letters are for reference in the solution.) 


s 
C=C 
/ \ 
H CH;CH; 


Solution First, consider the relative priorities of the groups attached to carbon-2. Applying rule 
la, the two atoms directly attached to carbon-2 аге C and Н. Because C has a higher atomic num- 
ber (6) than H (1), the CH, group is assigned the higher priority. Now consider the groups at- 
tached to carbon-3. Step | leads to no decision, because in both groups the atom directly attached 
to the double bond is the same—a carbon т in the case of the methyl group, and a carbon e in the 
case of the ethyl group. Following step 2. represent the atoms attached to these carbons as a set in 
descending priority order. For carbon e, the set is (C,H,H); notice that the carbon of the double 
bond is not included in the set. For carbon m, the set is (H,H,H). Now make a pairwise compari- 
son of (C.H.H) with (H.H.H). The first point of difference occurs at the comparison of the first 
atoms of each set, C and H. Because C has higher priority, the group containing this atom—the 
ethyl group—also has higher priority. The priority pattern is therefore 


2 3 
higher priority group — 7 HC | | CH; —— — — lower priority group 
at carbon-2 M Fi at carhon-3 
C=C 
TC o, 
lower priority group = H CH;CH; —— higher priority group 
at carhon 2 at carbon-3 


Because groups of like priority are on opposite sides of the double bond, this alkene is the E iso- 
mer; its complete name is (E )-3-methyl-2-pentene. 


Study Problem 4.6 


Name the following alkene. (The numbers and letters are for reference in the solution.) 


2 3 tl m 
H | | CH,CH;CH;CH, 
N y 
C=C 
/ Nb) B2 
H,C нн 
CH; 


Solution At carbon-2, the methyl group has higher priority, by rule la. At сагроп-3. rule la 
allows no decision, because atoms a/ and b/ are identical —both are carbons. Proceeding to step 
2, the set of atoms attached to either carbons a/ or РЈ can be represented as (C.H.H); again, no 
decision is possible. Step 3 says that we must now consider the next atoms in each chain along the 
path of highest priority. We therefore move to the next carbon atom (a2 and 52) rather than the 
hydrogen in each chain, because carbon has higher priority than hydrogen. The set of atoms 
attached to a2 is (C,H.H): the set attached to 52 is (C.C,H). Notice that carbons a? and РЈ 
considered in the previous step are not considered as members of these sets, because we always 
work outward, away from the double bond, by step 2. The difference in the second atoms of each 
set—C versus H—dictates a decision. Because the set of atoms at carbon 52 has higher priority. 
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the group containing carbon 52 (the isobutyl group) also has the higher priority. The process used 
can be summarized as follows: 


(C, HH) (C. H,H) 


C=C | —— a decision is made bere 
Нус CH; —3» CH(CH3); 
(C, H,H) (C, CH) 
Because the groups of like priority are on the same side of the double bond. this alkene has the Z 
configuration. 
2 à 
group al kywer priority ———~ H | CH;CH;CH;CH; = group ot lower priority 
ar carbon-2 S РА at carhon-à 
с==С 
/ N З | 
group af higher priority — 9 НАС CH;CHCH; group of higher priority 
at carbon-2 | at carbon-3 


CH; 
Application of the nomenclature rules completes the name: (Z )-3-isobutyl-2-heptene. 


Sometimes the groups to which we must assign priorities themselves contain double bonds. 
Double bonds are treated by a special convention, in which the double bond is rewritten as a 
single bond and the atoms at each end of the double bond are duplicated: 


—CH-tH; istreatedas —CH— СН, and —CH=0 1х treated as IM 


C C О C 
Notice that the duplicated atoms bear only one bond. (The developers of this scheme preferred to 
say that each of these duplicated carbons “bears three phantom (that 15, Imaginary) atoms of pri- 
ority лего.) The treatment of triple bonds requires triplicating the atoms involved: 


{ C М С 
— C =H istrealedas —C—:H and —C= WN is treated as "cy 
{ ( М C 


| Study Problem 4.7 | 
Give the IUPAC name of the following compounds, including the (E, Z) designation for the dou- 
ble-bond stereochemistry. (The carbon numbers are for reference in the solution.) 
(a) (CH4),CH CH, (b) (CH,),CH CH; 

X д / 


C=C H4C СЕ 
/ N N 
H,C—CH H — H 
E Ж 
H H 


Solution (a) First, give the name without the stereochemistry. By the principles discussed previ- 
ously, the name is 3-isopropyl-1,3-pentadiene. Now we assign stereochemistry. Carbons | and 2 
are not stereocenters, but carbons 3 and 4 are. At carbon-4, the methyl group receives higher pri- 
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опту than Н. The real issue here is the relative priorities of the groups at carbon-3. We represent 
the two groups as follows: 
C(C,C,H) (снн) — C(GGH) 


НС J | 
; x Т d 
(T — H,C=CH— => Hi cen 
i 
H3C b e 
Аа 
: | C(0,0,0) 
isopropyl group viden 


(The symbol => means “implies.”) Notice that the carbons of the double bond are duplicated: 
the colors show the relationship of the replicated carbons to the original ones. The (0,0,0) next to 
the duplicated carbons represents the “phantom atoms" attached to these carbons—that is, imagi- 
nary atoms of priority zero. We compare carbon a of the isopropyl group with carbon a of the 
vinyl group. The attached groups are the same: (C.H.H). In the isopropyl group, we proceed out- 
ward to either of the methyl groups. In the vinyl group, we could proceed to carbon Р or to its du- 
plicated image, carbon 6°. We must choose the path of higher priority before we compare the re- 
sult with the isopropyl group. Choosing the path of higher priority requires going out one more 
atom beyond carbons Р and b —in other words. comparing (C,H,H) for C^ with (0,0,0) for С”. 
Because the carbon atom attached to carbon b has a higher priority than a phantom atom on car- 
bon Ё”, carbon b represents the path of higher priority for vinyl. Now we are ready to compare the 
vinyl and isopropyl groups again. For isopropyl, carbon b is C(H,H.H), and for vinyl, carbon Ё is 
C(C.H,H). Because C has a higher priority than Н. vinyl receives the higher priority. The name 15 
therefore (£)-3-isopropyl-1.3-pentadiene. 

You should be able to work part (b) using the same tactics. Try it. The name 15 (2£,4Z)-3-1s0- 
propyl-2.4-pentadiene. (Notice that the position of the isopropyl group determines the numbering 
of the double bonds, which is ambiguous otherwise.) Notice also that when two or more double 
bonds require a stereochemical designation, the number of the double bond is included with the 
E or Z. 


PROBLEMS | | | | | ‚ CM ; 
4.4 Name each of the following compounds, including the proper designation of the douhle-bond 


stereochemistry: 
(a) H;C— CHCH; CH, (b) (CH;),CH CH; 
es 
C=C C= 
| M sa ` 
[7] (CH 3),CHCH, Н CH;CH;CH; H 
STU RH URBE A 4.5 Give the structure of: 
Drawing Structures (a) (E)-4-allyl-1,5-octadiene (b) (2E.7Z)-5-[(E)- 1-propenyl]-2.7-nonadiene 
from Names Be sure to read Study Guide Link 4.2 if you have difficulty with this problem. 
4.6 In each case. which group receives the higher priority? 
(a) CH4CH, (h) | (c) (CH3),C (d) (СНС 
Nr ш 
CH = C= 
| ® =| Se. 
CH4O i | / га нс==С 
` = H;C— CH | 
СЬНС А 
dw OCH, 
CH 


a 
HO 
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UNSATURATION NUMBER 


Ап alkene with one double bond has two fewer hydrosens than the alkane with the same car- 
bon skeleton. Likewise. a compound containing a ring also has (vo lewer hydrogens in its 
molecular formula than the corresponding noneyelie compound. (Compare cyelohexane or 
I-hexene, CH... with hexane, СН.) As both examples illustrate, te molecular forma of 
an organic compornd сотах "hiilt-in ^ iormaten abo the menber of rings and double 
for printed bonds. 

The presence of rings or double bonds within a molecule is indicated by a quantity called 
the unsaturation number, or degree of unsaturation, £L. Гле waseturation number of a ннн 
coule is equal ro the total nember орпа rings and multiple bonds, The unsaturation number ot 
а hydrocarbon is readily calculated from ats molecular formula as folles, The maximum 
number of hydrogens possible in a hydrocarbon with C carbon atoms is 2C + 2. Because each 
кнн or double bond reduces the namber of hydrogen from thp meagan? dy 2, the unsatura- 
tion number ts equal to half the ditference between the maximum number of hydrogens and 
the actual number A: 

UMEN 
= — 


і? = number of rings + multiple bonds (4.5) 
For example, cyelohexene. CIl has € — (206) - 7 1O]/2 — 2. Cyclohexene has to de- 
grecs of unsaturabion: ene ring and one double bond. A triple bond contributes two degrees of 
unsaturation. For example, I-hexyne, HCC  -CHLCHLCH.CH,. has the same formula as 
Cvelohesenes C,H p 
How does the presence of other elements aflect the unsaturaton number caleulation? You 
can readily convince yourself from common examples (lor instance. ethanol. С.Н ОН) that 
Eq. 4.5 remains valid when oxygen is present in an organie compound. Haiogens are counted 
as i they were hydrogens, because halogens are monovalent, and each halogen reduces the 
number ol hydrogens by [. Equation 4А remains unchanged as long as we let // represent the 
total number of hydrogens and halogens: 
Eo I$ Н 
[5 = — — —— (И = hydrogens plus halogens) (4.61 
Another common element found in organic compounds 1s nitrogen. When nitrogen is present. 
ihe number of hydrogens im à saturated compound increases by one for each nitrogen. (For gy- 
ampie. the saturated compound methylamine. H,C— NH. has 2€ + 3 hydrogens.) Therefore. 
if Nis the number of nitrogens. the formula for the unsaturation number becomes 
WPI ae al 
U - 14.71 
Е. 
Remember that the unsaturation number is a valuable source of structural information 
about an unknown compound. This idea is dlustrated in Problems 4.9 and 4.70. 


PROBLEMS | A eek: 
4.7 Саси the unsaturatton number for each of the following compounds: 
(а) CHCl, (hy CIN, 


4.8 Without writing a formula or structure, give the unsaturation number of each of the following 
compounds: 
(a) 24,6-octatriene (5) methyleyclohexane 


4.9 А compound has the molecular formula C,,H,,0,. Certain structural evidence suggests that 
the compound contains two methyl groups and no carbon—carbon double bonds. Give one 
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structure consistent with these findings in which all rings are six-membered. (Many Sine- 
tures are possible.) 


4.10 Which of the following cennet be correct formulats) For an organic compound? Explain. 
(a) СН; (D) CH, N.O;. (t) CigHy N30, (d) СН 0, 


PHYSICAL PROPERTIES OF ALKENES 


Except for thei melting points and dipole moments. many alkenes differ Ие in their physi- 
cal properties from the corresponding alkanes. 


ESCHE AECH: —- CHSUI JC, 


] -hexene hexane 
boiling point hid € hx Y. 
melting point [АУМ {7 хал 4. 
density U.673 дат! еей g ml | 
water хо neglheible negligible: 
dipole moment 4n 1? OSS 1) 


ike alkanes, alkenes are flammable, nonpolar compounds that are less dense than, and insol- 
uble 1n. water. The alkenes of lower molecular weight alkenes are vases at room temperature, 

The dipole moments of some alkenes, though small. are greater than those of the corre- 
sponding alkanes. 


Кё CIT, 
М, А 
C=C IT .¢.—C С С, 
/ E 
H Н w- 01) 
po LEAT? 


How ean we account for the dipole moments of alkenes’ Remember ће electron densits 
i apr orbitals lies closer to the nueleus than it docs in sp orbitals (Sec. 4. LAH In other words. an 
у carbon has a greater attraction for electrons. This, in turn. means that oz spo carbon fs som 
what more electronegative than un sj Y carbon. As aresull. any sp. sp carbon. carbon bond has 
a small bond dipole (Sec. 1.2D1 in which the р carbon ts the positive end and the хр carbon is 
the negate end of the dipole. 


i 


sp 


polarization of electron density 


с 
ane 9 a toward trigonal carbon 
M 
x 


QU 
s 


The dipole moment of cis-2-butene is the sector sum ol the HC —€C€ and H—C bond dipoles, 
Although both (pes of bond dipole are probably oriented toward the alkene carbon, there 1s 
good evidenve (Problem 4.62. p. 176) that the polarization of the НСС bond is greater, 
This is wh ¢#s-2-butene has a net dipole moment. 
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НС: e CH; | е ара 
"NN / phi dipoles 
C=C 
© NE 
HY 


net dipole 
moment 
In summary: Bonds from alkyl groups to trigonal planar carbon are polarized so that elec- 
trons are drawn away from alkyl groups toward the trigonal carbon. This means that a car- 
bon-carbon double bond, when viewed as a substituent group, exerts an electron-withdrawing 
polar effect (Sec. 3.6C). The polar effect of a double bond is only about 10-15% that of a chlo- 
rine, but it’s significant enough to be measurable. (See Problem 4.12.) 


Р : | 
ROBLEMS 4.11 Which compound in each set should have the larger dipole moment? Explain. 


(a) cis-2-butene or zrans-2-butene (b) propene or 2-methylpropene 


4.12 Which of the following two carboxylic acids is more acidic? Explain. 


| | 
H;C—CH— CH,— C—OH HjC— CH,— CH; —C—O0H 


3-butenoic acid butanoic acid 


RELATIVE STABILITIES OF ALKENE ISOMERS 


When we ask which of two compounds is more stable, we are asking which compound has 
lower energy. However. energy can take different forms, and the energy we use to measure rel- 
ative "stability" depends on the purpose we have in mind. We've learned that AG? for a reac- 
tion is the energy quantity related to the equilibrium constant (Sec. 3.5). Measuring the equilib- 
rium constant is a good way to determine AG^. However, if we are interested in the total energy 
change tor a reaction, we use the standard enthalpy change for the reaction, AH”. The AH? 
for a reaction approximates very closely the feral energy difference between reactants and 
products. and it reflects the relative stabilities of bonding arrangements in reactants and prod- 
ucis, The ÀG^ and AH" for a reaction are related by the equation 3G^ = AH? — TAS”, where 


6 AS" is the entropy change for the reaction and 7 is the absolute temperature. (For a structural 
»- interpretation of AS*, see Further Exploration 4.1 in the Study Guide.) In other words, the АС? 
Further Exploration 4.1 «Dos. nationi RPR a fe ё А ег eee aa ee ee Zu id 
Relationship between lor a reaction шуен from the юш епегру difference between reactants and products Dy 
Free Energy and anamount —7 A5". In Sec, 4.5A we'll learn the conventions for presenting enthalpy дата, and in 
Enthalpy 


Sec. 4.5B we'll use enthalpy data to investigate the relative stabilities of alkenes. 


A. Heats of Formation 


The relative enthalpies of many organic compounds are available in standard tables as heats of 
formation. The standard heat of formation of à compound, abbreviated AH’, is the heat 
change that occurs when the compound is formed from tts elements in their natural state at | 
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Study Problem 4.8 


atm pressure and 25 °C. Thus, the heat of formation of trans-2-butene is the AH” of the fol- 
lowing reaction: 


4H. + 4C ж trans-2-butene (C4H,) (4.8) 


The sign conventions used in dealing with heats of reaction are the same as with free ener- 
gies: the heat of any reaction is the difference between the enthalpies of the products and the 
reactants. 


AH" (reaction) = A°(products) — A*{reactants) (4.9) 


А reaction in which heat is liberated is said to be an exothermic reaction, and one in which 
heat is absorbed is said to be an endothermic reaction. The AH” of an exothermic reaction, by 
Eq. 4.9, has a negative sign: the AH? of an endothermic reaction has a positive sign. The heat 
of formation of trans-2-butene (Eq. 4.8) is — 1 1.6 kJ mol! (—2.72 kcal mol): this means that 
heat is liberated in the formation of rrans-2-butene from carbon and hydrogen, and that the 
alkene has lower energy than the 4 moles each of C and H, from which it is formed. 

Heats of formation are used to determine the relative enthalpies of molecules—that 15, 
which of two molecules has lower energy. How this is done is illustrated in Study Problem 4.8. 


Calculate the standard enthalpy difference between the cis and trans isomers of 2-butene. Specify 
which stereoisomer is more stable. The heats of formation are, for the cis isomer, — 7.40 kJ mol" !. 
and for the trans isomer, —11.6 kJ тој! (—1.77 and —2.72 kcal mol" ', respectively). 


Solution The enthalpy difference requested in the problem corresponds to the AH” of the fol- 
lowing hypothetical reaction: 
cis-2-butene  ——3-  trans-2-hutene 
AH? — —740 -11.6 kJ mol"! (4.10) 
—1.77 = kcal mol! 


To obtain the standard enthalpy difference, apply Eq. 4.9 using the corresponding heats of formation 
in place of the H^ values. Thus, AH? for the reactant, cis-2-butene, is subtracted from that of the 
product. trans-2-butene. The АА for this reaction, then, is = 11.6 — (—7.40) = —4.2 kJ mol! 

( — 1.0 kcal mol"), This means that trans-2-butene is more stable than cis-2-butene by 4.2 И mol"! 
(1.0 kcal тої !). 


The procedure used in Study Problem 4.8 is based on the fact that chemical reactions and 
their associated energies can be added algebraically. This principle is known as Hess's law 
of constant heat summation. Hess's law is a direct consequence of the first law of thermody- 
namics, which requires that the energy difference between two compounds doesn't depend on 
the path (or reactions) used to make the measurement. Thus. what we have done in Study 
Problem 4.8 is to add the two formation reactions and their associated enthalpies, one in the 
forward direction and the other in the reverse direction: 


Equations: AH" (kJ mol! x: АА? (kcal mol! y; 
AC + 4H; —— rrans-2-butene —11.6 78 (4.1 1a) 
ceis-2-butene —— 4€ + 4H; +74 +1.77 (4.116) 
Sum: cis-2-butene ——*  trans-2-butene —4,2 Ё, (4.110) 


Because cis- and trans-2-butene are isomers, the elements from which they are formed are the 
same and cancel in the comparison. This 15 shown by the diagram in Fig. 4.8. Were we to com- 


E 


Further Exploration 4.2 
Source of Heats 
of Formation 


STANDARD ENTHALPY, H° 
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АН, + 4C 


) The enthalpy of the elements in their 
|" Жа = standard states is the reference point 
145 keal mol! for enthapies of formation 


11.6 kT mor! 
(2.72 kcal mol"! | | 


cis- 2-butene 


| 4.2 k] mor | enthalpy difference between. 


(1.0 kcal mol!) 


T 


cis- and trans-2-butene 


trans- 2-butene 


Figure 4.8 Use of heats of formation to derive the relative enthalpies of two isomeric compounds, The 
enthalpies of both compounds are measured relative to a common reference, the elements from which they are 
formed.The difference between the enthalpies of formation is equal to the enthalpy difference between the two 
isomers. 


pare the enthalpies of compounds that are not isomers, the two formation equations would 
have different quantities of carbon and hydrogen, and the sum would contain leftover C and 
H,. This sum would not correspond to the direct comparison desired. 


Using heats of formation to calculate the standard enthalpy difference between two compounds 
(Study Problem 4.8) is analogous to measuring the relative heights of two objects by comparing their 
distances trom a common reference, such as the cetling. If a table top is 5 ft below the ceiling, and an 
electrical outlet 1s 7 ft below the ceiling, then the table top is 2 ft above the outlet. The height of the 
ceiling can be taken arbitrarily as zero; its absolute height is irrelevant. When heats of formation are 
compared, the enthalpy reference point is the enthalpy of the elements in their “standard states.” their 
normai states at 25 °C and | atm pressure; the enthalpies of formation of the elements in their stan- 
dard states are arbitrarily taken to be zero. 

Heats of formation are nol measured directly, because the formation reaction is not a practical re- 
action, Rather, heats of formation are determined by combining the enthalpies of other, more practi- 
cal reactions, such as combustion (Sec. 2.7) or catalytic hydrogenation (Sec. 4.9A). using Hess's law 
calculations. Heats of formation are the conventional way in which these various sources of enthalpy 
data are brought together and tabulated. (See Further Exploration 4.2.) 


PROBLEMS - 
PROBLEMS | 4.13 (a) Calculate the enthalpy change for the hypothetical reaction 1-butene —-» 2-methyl- 


propene. The heats of formation are l-butene, —0.30 kJ mol~’ (—0.07 kcal mol™'): 
2-methylpropene, —17.3 kJ mol! (—4.14 kcal mol). 
(b) Which butene isomer in part (a) 15 more stable? 

4.14 (а) ifthe standard enthalpy change for the reaction 2-ethyi-1-butene — |-hexene is + 15.3 
kJ mol”! (+3.66 kcal mol^!), and if AH; for 1-Һехепе is —40.5 kJ mol~' (—9,68 kcal 
mol"), what is AH; for 2-ethyl-]-butene? 

(b) Which isomer in part (a) is more stable? 


4.15 The AH? of CO, is —393.5] kJ mol"! (—94.05 kcal mol"), and the AH? of H,O is 


—241.83 kJ mol ' (—57.80 kcal mol '). Calculate the AW? of I-heptene from its heat of 
combustion, —4385.1 kJ mol^' (—1048.1 kcal mol"). (See Further Exploration 4.1.) 
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Relative Stabilities of Alkene Isomers 


The heats of formation of alkenes can be used to determine how various structural features of 
alkenes affect their stabilities. We'll answer two questions using heats of formation. First, 
which is more stable: a cis alkene or its trans isomer? Second, how does the number of alkyl 
substituents at the double hond affect the stability of an alkene? 

Study Problem 4.8 showed that trans-2-hutene has a lower enthalpy of formation than cis- 
2-butene by 4.2 К] тої! (1.0 kcal mol) (see Eq. 4.11c). In fact, almost all trans alkenes are 
more stable than their cis isomers. The reason 1s that, in à cis-alkene, the larger groups are 
forced to occupy the same plane on the same side of the double bond. For example, а space- 
filling model of cís-2-butene (Fig. 4,9) shows that one hydrogen in each of the cis methyl 
groups is within a van der Waals radius of the other. Hence, van der Waals repulsions occur 
between the methyl groups much like those in gauche-butane (Fig. 2.6, p. 55). In contrast, no 
such repulsions occur in the trans isomer. in which the methyl groups are far apart. Not only 
do the heats of formation suggest the presence of van der Waals repulstons in cis alkenes, but 
they give us quantitative information on the magnitude of such repulsions. 

Another structural aspect of alkenes that has a considerable effect on stability ts the number 
of alkyl groups directly attached to the carbons of the double bond. For example, let's compare 
the heats of formation of the following two isomers. The first has a single alkyl group directly 
attached to the double bond. The second has twa alkyl groups attached to the double bond. 


H,C—CH —CH(CH;); AH; = —27.4 KJ mol! (4.128! 


"uw —6.55 kcal mol! 
one alkyl substituent 


at the double bond 


H,C—C — CHCH; АН = -35.] КІ mol! TERT 
-8.39 kcal mot! 


two alkyl substituents 
at the double bond 


Because the isomer with the branch at a carbon of the double bond has the more negative heat 
od formation, it is more stable. The data in Table 4.1 for other isomeric pairs of alkenes show 


van der Waals repulsions 


{а} cis-2-butene (b) frans-2-butene 


Figure 4.9 Space-filling models of (a) cis-2-butene and (b) trans-2-butene. Cis-2-butene has van der Waals repul- 
sions between hydrogen atoms of the two methyl groups (red), іп trans-2-butene, these van der Waals repulsions 
are not present. 
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Effect of Branching on Alkene Stability 


Number of alkyl groups Enthaipy 
Alkene structure* on the double bond AH; difference 
H.C =CH—CH,CH,CH,CH, 1 — 40.5 И mol"! 
9.68 kcal mol" ' 
H.C H -10.6 kJ mol"? 
c= с – 2.5 kcal mol"' 
/ \ 2 —51.1 k mol’ 
H CH;CH;CH; — 12.2 kcal mol"! 
CH;CH; 
Hacc 2 55.8 kl mol’ 
p ЄН 13.3 kcal mol^' 
PU -5.70 kJ mot! 
НС ch; - 1.4 kcal mal” ' 
1 d 3 —61.5 kJ mol`’ 
с=с ы 
| 1 — 14.7 kcal mal! 
H CHCH; 
HC Н 
cc 2 -60.1 kJ mol"' 
/ ^ — 14.4 kcal mol! 
H CHiCH3)3 -2.6 kJ mol" 
CH;CH, CH; -0.6 kcal mol"! 
е 3 —62.7 kl mol! 
/ x – 15.0 kcal mol! 
H CH, 
H3C Fh 
с=с 3 -88.4 kJ mol" 
ч \ —21.1 kcal mol"' 
Pe fm -0.5 kcal mol” ' 
c—c 4 -90,5 kJ mol! 
‘es - 21.6 kcal mol 
CHCH, CH; 


"In each comparison, the two compounds are equally branched; they differ only in whether the branch is at the double bond. 


that this trend continues for increasing numbers of alkyl groups directly attached to the dou- 
ble bond. These data show that an alkene is stabilized by alkvl substituents on the double 
bond. When we compare the stability of alkene isomers, we find that the alkene with the great- 
est number of alkyl substituents on the double bond is usually the most stable one. 

To a useful approximation, it is the menber of alkyl groups on the double bond more than 
(heir identities that governs the stability of an alkene. In other words, à molecule with two 
smaller alkyl groups on the double bond is more stable than its isomer with one larger group 
on the double bond. The first two entries in Table 4.] demonstrate this point. The second entry. 
(E )-2-hexene, with a methyl and a propyl group on the double bond, is more stable than the 
first entry, I-hexene, which has a single butyl group on the double bond. 

Why does alkyl substitution at the double bond enhance the stability of alkenes? Essen- 
tially, when we compare an alkene that has an alky! substituent at the double bond with one 
that has an alkyl substituent elsewhere, we are really comparing the tradeoff of an sp^—sp" car- 
bon-carbon bond and an sp^—1s carbon-hydrogen hond with an sp-sp carbon-carbon bond 
and an sp^—1s carbon-hydrogen bond, 
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sp^—sp carbon-carbon bond -..— ЄН; 1 CH; — spp carbon-carbon bond 
| - |" 
Le ee Ha t e | 
| 5—15 carbon—hydragen bond 
i CHCH; H 
sp'~1s carbon—hydrogen bond —— | 
H 


more stable alkene 


The major effect in this tradeoff is that an sp^—sp^ carbon-carbon bond is stronger than an 
sp^-sp^ carbon-carbon bond. (The bonds to hydrogen have similar but smaller effects.) In- 
creasing bond strength lowers the heat of formation. 

We can go on to ask why an sp^—sp^ carbon-carbon bond is stronger than an sp-sp 
carbon-carbon bond. Bond strength is directly related to the energy of the electrons in the 
bond. The lower the energy of the bonding electrons, the stronger is the bond. Because s elec- 
trons have lower energy than p electrons, a bond with more s character involves electrons of 
lower energy than one with less s character. A bond with more s character, such as an sp^—sp* 
bond, is therefore stronger than one with less s character, such as an sp^-sp^ bond, Bond 
strength increases with the fraction of s character in the component livbrid orbitals. 

Heats of formation have given us considerable information about how alkene stabilities 
vary with structure. To summarize: 


Increasing stability: 
R К IN Н 
; | 7 ‘oe . 
RK—CH-CH,; < R—CH=CH—R = аы. < l a < ктү (4.13a} 


\ 
and C= < C=C (4. 13b) 
/ f N 


EE 4.16 Within each series arrange the compounds in order of increasing stability: 


{а} CH; 
Н;С 
А В 
(b) HC C(CH3); HC H 
/ ЖЕ. 
C=C C=C 
\ x эф 
H H H CH;CH(CH;); 
А 


4.17  Álkenes can undergo the addition of hydrogen in the presence of certain catalysts. (You will 
study this reaction in Sec. 4.9А.) 


R! RZ р! В: 


| ' catalyst | 
= + H- OL ean 


R? К? H H 
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The AH" of this reaction, called the enthalpy of hydrogenation, can be measured very 
accurately and can serve as a source of heats of formation. Consider the following enthalpies 
of hydrogenation: (E)-3-hexene, —117.9 kJ mol`! (28.2 kcal mol; (Z)-3-hexene, — 121.6 
kJ mol”! (29.1 kcal mol"). Calculate the heats of formation of these two alkenes, given that 
the AH? of hexane is — 167.2 kJ mol"! (40.0 kcal mol"). 


ADDITION REACTIONS OF ALKENES — 


The remainder of this chapter considers three reactions of alkenes: the reaction with hydrogen 
halides: the reaction with hydrogen, called catalytic hydrogenation; and the reaction with 
water, called Ahvdration. These reactions will be used to establish some important principles of 
chemical reactivity that are very useful in organic chemistry. We'll study other alkene reac- 
tions in Chapter 5. 

The most characteristic type of alkene reaction is addition at the carbon-carbon double 
bond. The addition reaction can be represented generally as follows: 


bonds broken 


1 
^ 


*& gi x | | 
Ge, -p NY ——dAe а (4.14) 
/ fi Is 


bonds lormad ^ 


In an addition reaction, the carbon-carbon т bond of the alkene and the X — Y bond of the 
reagent are broken, and new C— X and C— Y bonds are formed. 


4.18 Give the structure of the addition product formed when ethylene reacts with each of the fol- 
lowing reagents: 
(a) H—1I (b) Br, 
(c) BH, (Hint: Each of the B—H bonds undergoes an addition to one molecule of ethylene. 
That is, three moles of ethylene react with one mole of BH,.) 


ADDITION OF HYDROGEN HALIDES TO ALKENES 


The hydrogen halides H—F. H—Cl, H— Br. and Н—1 undergo addition to carbon-carbon 
double bonds to give products called с/у halides, compounds in which a halogen is bound to 
а saturated carbon atom: 


CH;CH-CHCH; + H—Br ж i ж (4.15) 
2-butene I Br 
(Z or E) 


2-bromobutane 

(an alkyl halide) 
Although the addition of HF has been used for making alkyl fluorides, HF is extremely haz- 
ardous and is avoided whenever possible. Additions of HBr and HI enerally preferred to 
addition of HC] because additions of HBr and НІ are faster. — 
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A. Regioselectivity of Hydrogen Halide Addition 


When the alkene has an unsymmetrically located double bond. two constitutionally isomeric 
products are possible. 


Н.С СНС СН, - Hl m=» НСИ СИ, or CHL—CH ICH Cll Hih 


| -hexene | | 
2-iodohcxane l-iodohexane 
observed: 1 yar observed | 


As shown in Eq. 4.16, онду one of the two possible products is formed From a 1-alkene in sig- 
nificant amount, Generally. Hre napi product is Hut isomer in which the halogen ts bonded to 
the carbon of the double bond with the greater ander of alkyl substituents, und the livdroven 
is banded te the carbon with the smietiler number of alkyl substients. 
HC — CHICH ECH: 
К 


Н goes here | goes here 


(Another way to think about this result is to apply the old aphorism. "Them that Вах, gets" 
That is, the carbon with more hydrogens gains set another hydrogen in the reaction. When the 
products of a reaction could consist of more than one constitutional isomer, and when one of 
the possible isomers is formed in exeess over the other. the reaction Is said lo be a regioselec- 
tive reaction. Hydrogen halide addition to alkenes ts à Лр regreselective reaction because 
addition of the hydrogen halide agross the double bond eives only one ol the two possible von- 
,üturenally isomeric addition products. 

When the tw o carbons of ihe alkene double bond hase equal numbers of alkyl substituents, 
little or no regioselectvity is observed in hydrogen halide addition, even if the alky greups are 
of different size. 


miller alkyl group larger alkyl group 


' | 


HBr + CH,CH=CHCH,CH, ж CH q^ QR ~ CH,CH—CHCHsCH,; +417! 
2-pentene hr i H Br 


2-bromopentane 3-bromopentane 
inearly equal amounts: 


Markovnikov's Rule 


In his doctoral dissertation of 1869, the Russian chemist Vladimir Markovnikov (1838-1904; also 
spelled Markownikoff) proposed a "rule" for regioselective addition of hydrogen halides to alkenes. 
This rule, which has since become known as Markovnikov’s rule, was originally stated as follows: 
"The halogen of a hydrogen halide attaches itself to the carbon of the alkene bearing the lesser 
number of hydrogens and greater number of carbons." 

Markovnikov's higher education was in political science, economics, and law. During required or- 
ganic chemistry courses in the Finance curriculum at the University of Kazan, he became infatuated 
with organic chemistry and eventually completed his now-famous doctoral dissertation. He was ap- 
pointed to the chair of chemistry at the University of Moscow in 1873, where he was known not only 
for his chemistry, but also for his openness to students. Не was forced to resign this position in 1893 
because he would not sign an apology demanded of the faculty by a political official who had been 
insulted by a student. He was allowed, however, to continue working in the university for the dura- 
tion of his life. 
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PROBLEM | | И ГР 208 | ^ 
| PROBLEM | 4.19 Using the known regioselectivity of hydrogen halide addition to alkenes, predict the addition 


product that results Irom the reaction of: 
(a) H—C] with 2-methylpropene (b) H—Br with |-methylcyclohexene 


B. Carbocation Intermediates in Hydrogen Halide Addition 


For many years the regioselectivity of hydrogen halide addition had only. an empirical 
fexpermmentu) basis. Bs exploring the underlying reasons for this regiaselecOvity. well set 
the stage to develop а broader understanding of not enis this reaction but many others as well. 

A modern understanding of the regioselectivits of hydrogen halide addition begins with the 
Fact that the overall reaction actually occurs in vo месел ве steps. Lees consider each of 
these in turn. 

In the Best step. ihe electron pair in the т bond of an alkene is donated to the proton of the hy- 
drogen halide. The electrons of the z bond react rather than the electrons of e honds because 7 
electrons have the highest energy (See. 4. LA i As a result, the carbon: carbon double bond is pw- 
tonated on a carbon alom. The other carbon becomes positivel charged and eleciron-deticient: 


ГУ electrorn- r event агро! 
Гаа in electrophil 
| | i 
RCH=CHR «= RCH—CHR Br FEES 


леле ао 


The species with a positisels charged. clectron-deticient carbon is called a carbocation, pro- 
nounced CAR-ho-C AT ion. (The term carbonium ion was used in earlier literature.) The tor- 
mation oF the carbovcation. from the alkene is an electresi-perr displacement кейсин (Sec. 
32A) in which the s bond acts as а Bronsted fuse (See. AAA) toward the Bronsted acid 
H —Br. The z bond а very weak base. Nevertheless. it can be protonated to a small extent 
bs a Strong acid such as HBr. 

The resulüne carhocation is a powerful electron-deticient Lewis acid and is thus а potent 
electrophile. In the second step of hydrogen halide addition, the halide ion. which is a Lewis 
Pase, or nucleophile. reacts with the carbocation at its electroen-delicrent earbhon atom: 

a nucleophile 
zr 
АА Bis 
H 
RCH—CH;R эж RCIHLI—CH,R (4.1 5b) 


This is à Lewis etd Рахе association reaction (Sec. 3.11). 

The carhocations invelved in hydrogen halide addition to alkenes are examples of reactive 
intermediates or unstable intermediates: species that react so rapidiy that thes never accu- 
mulae in mere than vers low concentration. Most carbocations are too reactive lo be Isolated 
except under special cireumstanees, Thus. carbocations cannot be isolated fram the reactions 
ol hydrogen halides and alkenes heeause they react serv quickly with halide tons. 

The complete deseription of a reaction рата. including any reactive intermediates such 
as carbocations. is called the mechanism of the reaction. To summarize the (e steps in the 
mechanism of hydrogen halide addition to alkenes: 


]. A carbon ot the 7 bond is protonated. 


220 A halide ton reacts with the resuluag carbocation. 
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Now that we understand the mechanism of hydrogen halide addition to alkenes. let's see 
how the mechanism addresses the question of regioselectis it. When the double bond of an 
alkene is not located symmetrically within the molecule. protonation of the double bond can 
occur In two distinguishable ways lo give two different carbocations, For example. protoni- 
Gon of 2-methylpropene can give either the tert-butyl cation (Eq. 4.192) or the isobuts | cation 
(Eg. 4.196): 


fi 
a ir —H 
+H— Вг: н 
CH, CH, 


\ 
= CH, 2-methylpropene rs — СН. 


Cll, CH, 
x 
CH; H H 
Nae / т | 4 т 
па firs” О CH, Br (4.191 
CH: CH; 
tert-hutyl cation isobutyl cation 


tno formed! 


NK th} 


These two reactions are in сереге — that is, one can only happen at the expense of the 
other because the two reactions compete for the same starting material. Only the rert-butyl 
cation is formed in this reaction. The tert-butyl cation is formed exclusively because reac- 
thom 4L 192a is meh faster than reaction 4.196, Because the tert-butyl cation is the onis var- 
hacation formed. it is the only carbocation available to react with the bromide ion. Hence. 
the oniy produet of HBr addition to 2-methylpropene ts zeri-butyI bromide. 


:Вг:- ` 
11;C С tHE: 
мыо | 


C=. ы нее (4.20) 


H«C. CH, 
tert-butyl hromide 


Notice that the bromide ion has become attached to the carbon of 2-meths Ipropene bearing the 
greater number of alks] groups. [n other words. the regioselectivity of hydrogen halide udeli- 
tion dis die te Hie formation of oniy one of pwa possible carbocations. 

To understand why the tert-butyl cation is formed more rapidly than the лору cation in 
HBr addition. we need to understand the factors that influence reaction rate, The relative sta- 
bility of carbocations plays an important role im understanding the rate of HBr addition. A dis- 
cussion of carhocution stability, (hen, is ап essential prelude to a more general discussion of 
reaction rates, 
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Structure and Stability of Carbocations 


Carbocations are classified by the degree of alkyl substitution at their electron-deficient car- 
bon atoms. 


R 
+ + Me 
R—CH.  R—CH—R oR (421) 
primary secondary К 
tertiary 


That is, primary carbocations have one alkyl group bound to the electron-deficient carbon. 
secondary carbocations have two, and tertiary carbocations have three. For example. the 
isobutyl cation in Eq. 4.196 is à primary carbocation, and the tert-butyl cation in Eq. 4.19a is 
а tertiary carbocation. 

The gas-phase heats of formation of the isomeric butyl carbocations are given in Table 4.2. 
The data in this table show that a/kw substituents at the electran-deficient carbon strongly sta- 
bilize carbocations. (A comparison of the first two entries shows that substituents at other car- 
bons have а much smaller effect on stability.) The relative stability of isomeric carbocations is 
therefore as follows. 


Stability of carbocations: tertiary > secondary > primary (4.22) 


Remember that "greater stability” means "lower energy.” 

To understand the reasons for this stability order, consider first the geometry and electronic 
structure of carbocations, shown in Fig. 4.10 (p. 152) for the tert-butyl cation. The electron- 
deficient carbon of the carbocation has trigonal planar geometry (Sec. 1.3B) and is therefore 
sp^-hybridized, like the carbons involved in double bonds (Sec. 4.1 A); however, in a carboca- 
tion. the 2p orbital on the electron-deficient carbon contains no electrons. 

The explanation for the stabilization of carbocations by alkyl substituents is in part the 
same as the explanation for the stabilization of alkenes by alkyl substitution (Sec. 4.5B)—the 
greater number of sp^—sp^ carbon-carbon bonds in a carbocation with a greater number of 
alkyl substituents. However. if you compare the data in Tables 4.1 (p. 145) aod 4.2. you'll no- 
tice that each alkyl branch stabilizes an alkene by about 7 kJ mol" !, but each branch stabilizes 
a carbocation by nearly 70 kJ mol". In other words, the stabilization of carbocations by alkyl 
substituents is considerably greater than the stabilization of alkenes. 


Heats of Formation of the Isomeric Butyl Cations (Gas Phase, 25 *C) 


Heat of formation Relative energy* 
Cation structure Name kJ mol`’ kcal mol^' kJ mol`? kcal mol`’ 
CH,CH,CH,CH, butyl cation 845 202 155 е” 
(CH,),CHCH, isobutyl cation 828 198 138 33 
CH,CHCH;CH, sec-butyl cation 757 181 67 16 
(CH,),¢ tert-butyl cation ^ — 690 165 (0) (0) 


“Energy difference between each carbocation and the more stable tert-butyl cation 
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4 


Further Exploration 4.3 
Molecular Orbital 
Description of 
Hyperconjugation 


unoccupied 2p orbital 


Be c2 
sp —sp* carbon-carbon e bond 


Figure 4.10 Hybridization and geometry of the tert-butyl cation, Notice the trigonal planar geometry and the 
unoccupied 2p orbital perpendicular to the plane of the three carbons. The C—C bond length, determined in 
1995 by X-ray crystallography, is less than the sp/-sp! С—С bond length in propene because of 
hyperconjugation, which is discussed below. 


An additional factor that accounts for the stabilization of carbocations by alkyl branching 
is à phenomenon called hyperconjugation, which is the overlap of bonding electrons from 
the adjacent er bonds with the unoccupied 2p orbital of the carbocation. 


UN eT 1411 h v1 ME OLA ICH 


unoccupied 2p orbital 


carbon-hydrogen c bond 


[n this diagram, the e bond that provides the bonding electrons is a C—H bond. The energetic 
advantage of hyperconjugation is that it involves additional bonding. That is, the electrons in 
the С—Н bonds participate in bonding not only with the C and H. but also with the electron- 
deficient carbon. Additional bonding is a stabilizing effect. We can show this additional bond- 
ing with resonance structures as follows: 


А E 
H H 
H "m C ye Ht Е. 
Vo H а / = (4.23) 
H^ / B H H"/ N H 
H ox Н XI 
H F^ H | r H 


The shared electrons are shown in color. (Note that the proton in the right-hand structure hasn't 
moved; it's still part of the molecule.) The double-bond character suggested by the resonance 
structure on the right is reflected in the lengths of the carbon-carbon bonds in the tert-butyl 
cation. These bonds are considerably shorter (1.442 A) than the carbon-carbon single bond in 
propene (1.501 A). 

We can draw analogous resonance structures for a C—H bond in each methyl group. [n 
other words, each alkyl branch provides additional hyperconjugation and thus more stabiliza- 
tion. Consequently, alky] substitution at the electron-deficient carbon stabilizes carbocations. 

Let's now bring together what you've learned about carbocation stability and the mecha- 
nism of hydrogen halide addition to alkenes. The addition occurs in two steps. In the first step. 
protonation of the alkene double bond occurs at the carbon with the fewer alkyl substituents 
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so that the more stable carbocation is formed—that is, the one with the greater number of alkyl 
substituents at the electron-deficient carbon. The reaction is completed when the halide ion re- 
acts with the electron-deficient carbon. 

Ап understanding of many organic reactions hinges on an understanding of the reactive in- 
termediates involved. Carbocations are important reactive intermediates that occur not only in 
the mechanism of hydrogen halide addition, but in the mechanisms of many other reactions as 
well. Hence, your knowledge of carbocations will be put to use often. 


George Olah, a Holiday Party, and a Nobel Prize 


Because carbocations are in most cases reactive intermediates that are too unstable to isolate, they 
remained hypothetical for many years after their existence was first postulated. However, their im- 
portance as reactive intermediates led to repeated, unsuccessful efforts to prepare them. In 
1966-67, a team of researchers led by Professor George А. Olah (b. 1912), then at Case Western Re- 
serve University, figured out how to prepare a number of pure carbocation salts in solution and 
studied their properties. For example, they formed a solution of essentially pure tert-butyl cation by 
protonation of 2-methylpropene at —80 °C. As the acid, they used HF in the presence of the power- 
ful Lewis acid SbF., which actually forms the very strong acid H^ “SbF. 

(CH,C—CH; + Н? “SbF, — x — (CHj&C* “SbF (4.24) 


CISO;F 


(solvent) 


2-methylpropene tert-butyl cation 


hexafluoroantimonate salt 


The fluoride ion is so tightly held within the “SbF, complex ion that it can't act as a nucleophile to- 
wards the tert-butyl cation. Ы 

The discovery of this method by Olah's group was somewhat serendipitous.In 1966, his group had 
only recently discovered HSbF,, which they called “magic acid! Following a holiday party, they put a 
piece of a holiday candie into magic acid. When they saw that it dissolved, they examíned the solu- 
tion in a nuclear magnetic resonance (NMR) instrument. (You'll learn about NMR as a method for de- 
termining structure in Chapter 13.) They saw unmistakable evidence for carbocations. This was the 
beginning of a very productive series of investigations in which a number of carbocations were gen- 
erated and examined structurally. Subsequently, Olah joined the faculty of the University of South- 
ern California. He received the 1994 Nobel Prize in Chemistry for his work in carbocation chemistry. 


есек 4.20 By writing the curved-arrow mechanism of the reaction, predict the product of the reaction of 
HBr with 2-methyl-1-pentene. 


Study Problem 4.9 


Give the structure of an alkene that would give 2-bromopentane as the major (or sale) product of 
HBr addition. (The numbers are for reference in the solution.) 


3 т 1 
an alkene + HBr —— ш gute. 
Вг 


2-bromopentane 


Solution The bromine of the product comes from the H— Br. However, there are many hydro- 
gens in the product! Which ones were there to start with, and which one came from the H—Br? 
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First, recognize that the carbon bearing the bromine must have originally been one carbon of the 
double bond. It then follows that the other carbon of the double bond must be an adjacent carbon 
(because two carbons involved in the same double bond must be adjacent). Use this fact to con- 
struct all possible alkenes that might be starting materials. Do this by “thinking backward": Re- 
move the bromine and a hydrogen from each adjacent carbon in turn. 


Remove Br from carhon-2 and H from carbon-3 cz» CH,CH;CH —CHCH, 


2-pentene (cis or trans) 


Remove Br from carbon-2 апа H from carbon-1 г> CH,CH,CH,CH = CH: 


l-pentene 


(The symbol — means “implies as starting material.”) Which of these is correct? Or are they 
both correct? You haven't finished the problem until you've mentally carried out the addition of 
HBr to each compound. Doing this and applying the known regioselectivity of HBr addition leads 
to the conclusion that the desired alkyl halide could be prepared as the major product from 1-pen- 
tene. However, both carbons of the double bond of 2-pentene bear the same number of alkyl 
groups. Eq. 4.17 (p. 148) indicates that from this starting material we should expect not only the 
desired product, but also a second product: 


CH,CH,CH—CHCH, + HBr — ыи. + синае 


2-pentene Br Br 


2-bromopentane 3-bromopentane 


Furthermore, the two products should be formed in nearly equal amounts. This means the yield of 
` the desired compound would be relatively low and it would be difficult to separate from its iso- 
mer. which has almost the same boiling point. Consequently, I-pentene is the only alkene that will 
give the desired alkyl halide as the major product (that is, the one formed almost exclusively). 
In solving this type of problem, it isn't enough to identify potential starting materials. You 
must also determine whether they really will work, given the known characteristics—in this case, 
the regioselectivity—of the reaction. 


PROBLEM ; : 
| PROBLEM | 4.21 Ineach case, give two different alkene starting materials that would react with H—Br to give 
the compound shown as the major (or only) addition product. 


(а) сн, сн, (Ы) CH; 
н 7—68 си; O~ 
Br 


D. Carbocation Rearrangement in Hydrogen Halide Addition 


[п some cases, the addition of a hydrogen halide to an alkene gives an unusual product, as in 
the following example. 
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MEE CH, СОП 
"T — qr. ——— T — + — A (4.25) 
CH, CH; à " bu. 
! [7*6 of product} [R3'55 of product! 


The minor product is the result of ordinary regioselective addition of HCI] across the double 
bonu. The origin of the major product. however, i not obvious. Examination of the carbon 
skeleton of the major product shows that a rearrangement has occurred. [n a rearrangement, 
à group from the starting material has moved to a different position in the product. [n this case. 
и methyl group of the alkene (ree) has changed positions, As a result, the carbons of the alkyl 
halide product are connected differently from the carbons of the alkene starting material. Al- 
though the rearrangement leading ta the second product may seem strange al first sight, it 1s 
readily understood by considering the fate of the carbocation intermediate in the reaction, 

The reaction begins like а normal addition of HCl—that is, by protonation of the double 
bond ta yield the carbocation with the greater number of alkyl substituents at the electron- 
deficient carbon, 

CH CIT 


+ T 
H.C—C—CH-CCHz7H-—(: ——» Inc—C6—CH—CH, +T 4.20) 


dm а р 


ЄН, ЄН, 


Reaction of this carbocation with Cl” occurs, as expected, to vield the minor product of Ey. 4.25. 
However. the carbocation can also undergo a second type of reaclion: it van rearmige, 


T CH; 
+ 
HC ы — Н. — HCC мә СН, iJ. 27a) 
= + 
CH: CH: 


[n this reaction. the methyl group moves wir its pair ef bonding electrons from the carbon ee- 


jacent lo the electrondelicient carbon, The carbon from which this group departs, as a result, 


becomes electron-dehcient and positively charged. That is, lhe rearrangement converts one 
carbocation into another. This ts essentially a Lewis ecid-base reaction in which the electron- 
deficient carbon is the Lewis acid and the migrating group wir its bonding electron pair is the 
Lewis base. The reaction forms а new Lewis acid—the electron-deficient carbon of the re- 
arranged carbocation. 

The major product of Eq. 4.25 is formed by the Lewis acid-base association reaction of 
CH" with the new carbocation. 


m CH, 

Ce «ы Сз —> нс—с—©НШ СН}; 427% 
| 
C: 


Why does rearrangement of the carbocation occur? (n the case of reaction 4.274, a more 
staple tertiary carbocation is formed trom a iess stable secondary one. Therefore. rearrange- 
ment is favored bx the increased stability of te rearranged ion. 
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ЫН, CH; 


HC—C—CH-—CH; - НО] — 1-6 Н СН CE на 


аена 


СН, 


rearrangement reacio 143K} 
tn 44d 
CH, H CH: 
[a tertiary , А | ~ ' : З - 
carbocation: Н ио 5 Н; H&4.—C Ed — EH 
c-o CH, CH, Cl 
reactian minor product 
with tl 
Ha H 
| | 
HEC — C ——G— CH, 
MEM 


major product 


You've now learned two pathways by which carbocations ean react. They ean (1) react with 
a nucleophile and £2) rearrange to more stable carbocations, The outcome of Ey. 4.25 repre- 
sents а competition between these pve pathways. [n апу particular case. one cannot predict еҳ- 
actly how much of each different product will be obtained. Nesertheless. the reactions of var- 
hocation intermediates show why both products ure reasonable. 

Carbocation rearrangements are not limited to the migrations of alkyl groups. In the fol- 
lowing reaction. the major product is also derived from the rearrangement of a carbocation Im- 
termediate. This rearrangement involves a hydride shift, the migration ol à hydrogen with its 
nie bonding elet tHL, 


CH; p CH, 
| Г 
HiC—C—CH-CH. - HBr — Hc 5 cui en - HCC -OHSCH,. (4.29) 


H Br Dr 


I about ко product) about 554 ot producti 


The hydride migrates instead of an alkyl group because the rearranged carbocation Is tertiary 
and thus ts more stable than the starting carbocation. Migration of an alkyl group would have 
sjven another secondary carbocation. 

Keep in mind the following points about the rearrangement of сагросапоп Intermediates, 
all of which are illustrated by the examples im this section. 


|. A rearrangement almost always occurs when а more stable carbocation can result. 

2, A rearrangement that would give a Jess stable carhocation generally doesn't occur. 

3. The group that migrates in a carbocation rearrangement comes from a carbon «кесиу 
attached to the electron-deficient, positively charged carbon of the carbocation, 
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4. The group that migrates in a rearrangement is typically an alkyl group, aryl group 
(p. 82), or a hydrogen. 

5. When there 1s a choice between the migration of an alkyl group (or aryl group) or a hy- 
drogen from а particular carbon. hydride migration typically occurs because it gives the 
more stable carbocation. 


The First Description of Carbocation Rearrangements 


The first clear formulation of the involvement of carbocations in molecular rearrangements was pro- 
posed by Frank C. Whitmore (1887-1947) of Pennsylvania State University. (In fact, such rearrange- 
ments were once called "Whitmore shifts.") Whitmore said that carbocation rearrangements result 
when "an atom in an electron-hungry condition seeks its missing electron pair from the next atom 
in the molecule." Whitmore's description emphasizes the Lewis acid-base character of the reaction. 

Carbocation rearrangements are not just a laboratory curiosity; they occur extensively in living or- 
ganisms, particularly in the biological pathways leading to certain cyclic compounds such as 
steroids. 


PROBLEMS . | Ө s | . 
PROBLEMS 4.22 Which of the following carbocations is likely to rearrange? If rearrangement occurs, give the 
structure of the rearranged carbocation. 


CH, — CH,CH—C—CH; CALA 
+ 


CH; 


4.23 Draw the curved-arrow mechanism for the reaction in Eq. 4.29 that aecounts for the forma- 
tion of both products. 

4.24 Only one of the following three alkyl halides can be prepared as the major product of the ad- 
dition of HBr to an alkene. Which compound can be prepared in this way? Explain why the 
other two cannot be prepared in this way. 


Br Br CH, 
CH4CH;CH;CH;CH,Br ear erates H,C—CH—C—C,H; 
С 


REACTION RATES 


Whenever a reaction can give more than one possible product, two or more reactions are in 
competition. (You ve already seen examples of competing reactions in hydrogen halide addi- 
tion to alkenes.) One reaction predominates when it occurs more rapidly than other competing 
reactions. Understanding why some reactions occur in preference to others, then, is often a 
matter of understanding the rates of chemical reactions. The theoretical framework for dis- 
cussing reaction rates is the subject of this section. Although we'll use hydrogen halide addi- 
lion to alkenes as our example to develop the theory, the general concepts will be used 
throughout this text. 
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A. 


reactants 


(a) larger energy barrier, slower reaction 


The Transition State 


The rate of a chemical reaction can be defined for our purposes as the number of reactant mol- 
ecules converted into product in a given time. The theory of reaction rates used by many or- 
ganic chemists postulates that as the reactants change into products, they pass through an un- 
stable state of maximum free energy, called the transition state. The transition state has a 
higher energy than either the reactants or products and therefore represents an energy barrier 
to their interconversion. This energy barrier is shown graphically in a reaction free-energy 
diagram (Fig. 4.11). This is a diagram of the standard free energy of a reacting system as old 
bonds break and new ones form along the reaction pathway. In this diagram the progress of re- 
actants to products is called the reaction coordinate. That is, the reactants define one end of 
the reaction coordinate, the products define the other, and the transition state 15 at the energy 
maximum somewhere in between. The energy barrier AG’. called the standard free energy 
of activation, is equal to the difference between the standard free energies of the transition 
state and the reactants. (The double dagger, t. is the symbol used for transition states.) The 
size of the energy barrier AG?! determines the rate of a reaction: the higher the barrier, the 
smaller the rate. Thus, the reaction shown in Fig. 4.1 lais slower than the one in Fig. 4.116 be- 
cause it has a larger energy barrier. In the same sense that relative free energies of reactants 
and products determine the equilibrium constant, the relative free energies of the transition 
state and the reactants determine the reaction rate. 

Notice from Fig. 4.11 that a reaction and its reverse have the same transition state, Ап 
analogy 1s that if a certain mountain pass 1s the shortest way to get from one town to another. 
then the same mountain pass is the shortest way to make the reverse journey. 

It the transition state is of central importance in determining the reaction rate, it would be 
nice to have a way of estimating its energy. Because it lies at an energy maximoan, а transition 
state can't be isolated. However, the energy of a transition state, like the energy of апу ordi- 
nary molecule, depends on its structure. So, the question 1s: What does the transition state look 


transition state 
+ 


т 


transition state 


standard free 
.] energy of 


standard free 
energy of 
activation 
(energy barrier) 


activation | 
(energy barrier) 


reactants 


STANDARD FREE ENERGY 


products products 


reaction coordinate reaction coordinate 


(b) smaller energy barrier, faster reaction 


Figure 4.11 Reaction free-energy diagrams for two hypothetical reactions. The standard free energy of activa- 
tion (AG**), shown for the forward reaction, is the energy barrier that must be overcome for the reaction to occur. 
The reaction in part (a) is intrinsically slower because it has a larger AG™ than the one in part (b). 
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like? The power of transition-state theory is that we can visualize the transition state as à 
structure. To illustrate. consider the following Bronsted acid-base reaction. 


(CHjJC— CH; + H—Br: ==> (CH). CH, Br: (4.30) 
H 


You should recognize this as the first step in the addition of HBr to an alkene; see Eq. 4. 18а, 
p. 149. In the transition state of this reaction, the H— Br bond and the carbon-carbon т bond 
are partially broken, the new C—H bond is partially formed, and the new charges are only 
partially established. We can represent this situation using dashed lines for partial bonds and 
using 6+ and 6— for partial charges, as follows: 


TM... i 

(CH;),C === СН, 
Н (4.31) 
ЛЧ 
‘Br: 


This shows the bonds breaking and forming. If we view this as an event frozen in time, we're 
looking at the structure of the transition state. 


An Analogy for the Transition State 


Suppose you do a somersault off of a high diving board at the local pool. You have someone take 
your picture at the height of your jump with a very fast shutter. You can think of that picture as the 
transition state for your dive. It's the “in-between” state that defines the point of highest potential 
energy between your starting point on the diving board and your finish, when you've come to rest 
in the water. You're never at the transition state for more than an instant, but we don't have any prob- 
lem conceptualizing how you would appear at that instant. Now imagine repeating your dive an 
Avogadro's number of times (you never get tired) and having a picture taken of each dive at the 
highest point. Now you average all those pictures. Because each dive is a little different, the "aver- 
aged" picture of the transition state is a bit blurry. This averaged picture of your jump is more like 
what we are dealing with when we talk about the transition state for a mole of molecules, but 
chances are that the first picture you took is not far from the average. So, we describe the transition 
state with a single structure, just as we describe your large number of dives with a single picture. 


PROBL ) d 
SOLENS 4.25 Draw curved-arrow mechanisms and transition-state structures for each of the following two 
reactions. Each reaction occurs as a single step. 
(a) CH;CH;—Br: + :ÓCH, ——» CH;CH;—OCH, + Ër: 
"m + жт = 
(b) (СНС — Br: —» (CH,),C + ‘Br: 
4.2% (a) Draw the transition state for the reverse reaction of Eq. 4.30. Compare it with the transi- 
tion state shown in Eq. 4.31. 


(b) What general] statement can yon make abont the transition-state structures for a reaction 
and its reverse? 
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Further Exploration 4.4 
Activation Energy 


The Energy Barrier 


Weve learned that the standard free enerey of the transition state (relative to the standard free 
energy of reactants and products) detines the free-energy barrier Аб” for the reaction. Let's 
learn a little more about the relationship between the size ot this energy barrier and rate. 
The relitionship between rate and standard free energy of activation is an exponential one, 
po os мер (301 
(The sign а means “is proportional (о) The negative sign im the exponent means thal large 
values of AG —thalis, large energy barrters—result in а smaller rate, as shown in Fig. 4.11, 
It Follows that. i£ two reactions A and А have standard free energies of activation AGS and АС: 


respectivels. then, under standard conditions Call reactanis |. concentration), the relative rates 
of the two reactions are 


rale, 


igo ET а 
= taces m EXIT 
rey, 
Or 
rale, AGk ACG, _ 
ЕЧ |- —À—— 9 БАЖЫ 


rate), et 


These equations show that the rates of (o reactions differ by a [actor of 10 (that is, one log 
uniti for every increment of 2.387 (5,7 kJ mol! or 1,4 keal mol”! at 298 К) difference in their 
standard free enereles of activation, A Factor of 10 in rate is about the difference in rate he- 
[een a reaction that takes an hour and one that takes a day. This means that reaction rates are 
very sensitive to their standard free energies of activation. 


You mas have learned about energy barriers if vou studied reaction rates in general chemistry. and 
there vou mas have referred tothe energy barrier by the name activation energy and the abbrex ation 
A. The activation enere is very close tothe AH? ot the reaction tthe sreridand enthalpy differencci 
rather than the standard free-energs difference between the transition state and starting materials. Jt 
Is possible mathematicalls to relate transition-state Uhears to the theory of activation energy. (Sev 
Further Exploration 4.4.) Howeser tor enr discusston, the difference bets een the pio theories is not 
eomeeptualls. important. 


Where do molecules get enough energy to overcome the energy barrier? in general, mole- 
cules obtain this energy. from thermal motions. The energy of a collection of molecules 15 
characterized by a distribution (Fig. 4.12421, which is termed a Maxwell-Boltzmann distrib- 
ution. An analogy is the results of an exam by a distribution of grades t Fig. 412b), The rate 
ofa reaction ts directis related to the fraction of molecules that has enough energs to cross the 
energy barrier, This traction is show n in Fig. 4.4 2a as a hatehed area; The smaller the barrier. 
the larger will be the hatehed area and the greater will be the reaction rate. Analogously, the 
fraction of students who receive an “А” on an exam depends on the “cutoff” imposed by the 
instructor: the lower is the "eutoff^ grade. the more students receive an "AL 

For a given reaction under a given set of conditions, we cannot control the size of the en- 
crey barrier: 101s an inirinsic property of the reaction. Some reactions are intrinsically slow. 
and others are intrinsically fast. However we can sometimes contro] the fraction of molecules 
with enough energy lo cross the barrier. We can increase this fraction by raising the tempera- 
mere. As shown in Fig. 4.) fa, the Maxwell-Boltzmann distribution ts skewed to higher ener- 
aies al higher temperature, and. as à result, a greater гасот of molecules have the energy re- 
quired to cross the barrier, In other words. reactions. are faster at higher temperatures. 
Different reactions respond different, to temperature. although a very лову rule of thumb ts 
that a reaction rate doubles for each 10 7C Cor LOK} increase in temperature, 


fraction of molecules 
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Figure 4.12 (a) A Maxwell-Boltzmann kinetic energy distribution at two different temperatures. (The right side 
of the distributions extend indefinitely and are cut off in the figure.) This is a plot of the number of molecules as a 
function of kinetic energy. The purple dashed line is the energy barrier. The fraction of molecules with enough en- 
ergy to crass the barrier is given by the hatched areas, At higher temperature, the Maxwell-Boltzmann distribu- 
tion is skewed to higher energy, and the fraction of molecules with enough energy to cross the barrier is greater 
(red hatched area). (b) Results of an exam can also be characterized by a distribution, which is a plot of the number 
af students as a function of exam grade. The "cutoff" (purple dashed line) defines the part of the distribution that 
receives an "A" grade. The fraction of students receiving an"A" is equal ta the hatched area under the curve. 


Let's summarize. Two factors that govern the intrinsic reaction rate are 


1. the size of the energy barrier. or standard free energy of activation AG": reactions with 
smaller AG?* are faster. 
2. the temperature: reactions are faster at higher temperatures. 


An Analogy for Energy Barriers 


An analogy that can help in visualizing these concepts is shown in Fig. 4.13. Water іп the cup would 
flow into the pan below if it could somehow gain enough kinetic energy to surmount the wall of the 
cup. The wall of the cup is a potential-energy barrier to the downhill flow of water. Likewise, mole- 
cules have to achieve a transient state of high energy—the transition state—to break stable chemi- 
cal bonds and undergo reaction. Ап analogy to thermal motion is what happens if we shake the cup. 
If the cup is shallow (low energy barrier), the likelihood is good that the shaking will cause water to 
slosh over the sides of the cup and drop into the pan. This will occur at some characteristic rate— 
some number of milliliters per second. if the cup is very deep (high barrier), water is less likely to flow 
from cup to pan. Consequently, the rate at which water collects in the pan is lower. Shaking the cup 
more vigorously provides an analogy to the effect of increasing temperature. As the “slashing” be- 
comes more violent, the water acquires more kinetic energy, and water accumulates in the pan at a 
higher rate. Likewise, high temperature increases the rate of a chemical reaction by increasing the 
energy of the reacting molecules. 
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barrier height 


Figure 4.13 A difference of potential energy is not enough to cause the water in the cup to drop to the bowl 
below. The water must first overcame the barrier imposed by the wails of the cup. 


It is very important to understand that the equilibrium constant for a reaction tells us 
absolutely nothing about its rate. Some reactions with very large equilibrium constants are 
slow. For example, the equilibrium constant for the combustion of alkanes is very large; yet 
a container of gasoline (alkanes) can be handled in the open air because the reaction of gaso- 
line with oxygen, in the absence of heat, is immeasurably slow. On the other hand, some un- 
favorable reactions come to equilibrium almost instantaneously. For example, the reaction of 
ammonia with water to give ammonium hydroxide has a very unfavorable equilibrium con- 
stant; but the small extent of reaction that does occur takes place very rapidly. 


ERGSLEMS 4.27 (a) The standard free energy of activation of one reaction A is 90 kJ mol^' (21.5 kcal mol" !). 


The standard free energy of activation of another reaction В is 75 kJ mol^! (17.9 kcal 
mol`’). Which reaction is faster and by what factor? Assume a temperature of 298 К. 

(b) Estimate how much you would have to increase the temperature of the slower reaction so 
that it would have a rate equal to that of the faster reaction. 

4.28 The standard free energy of activation of a reaction A is 90 kJ mol! (21.5 kcal mol!) at 
298 K. Reaction B is one million times faster than reaction A at the same temperature. The 
products of each reaction are 10 kJ mol! (2.4 kcal mol!) more stable than the reactants. 
(a) What is the standard free energy of activation of reaction B? 

(b) Draw reaction free-energy diagrams for the two reactions showing the two values of АС" 
to scale. 
(c) What is the standard free energy of activation of the reverse reaction in each сазе? 


C. Multistep Reactions and the Rate-Limiting Step 


Many chemical reactions take place with the formation of reactive intermediates. Such reac- 
tions are called multistep reactions. We use this terminology because, when intermediates 
exist in à chemical reaction, then what we commonly express as one reaction is really a se- 
quence of two or more reactions. For example, you ve already learned that the addition of hy- 
drogen halides to alkenes involves a carbocation intermediate. This means. for example, that 
the addition of HBr to 2-methylpropene 
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(CH,j,C—CH, + HBr —- (CH,),C—Br (4.34) 
Is a multistep reaction involving the following two steps: 


(CH,),C—CH,+ НВг «= (CH,),C* + Bro (4.35a) 
(CH,),C* + Br ——> (CH,),C—Br (4.35b) 


Each step of a multistep reaction has its own characteristic rate and therefore its own transi- 
tion state. The energy changes in such a reaction can also be depicted in a reaction free-energy 
diagram. Such a diagram for the addition of HBr to 2-methy!propene is shown in Fig. 4.14. 
Each free-energy maximum between reactants and products represents a transition state, and 
the minimum represents the carbocation intermediate. 

Generally. the rate of a multistep reaction depends in detail on the rates of its various steps. 
However, it often happens that one step of a multistep reaction is considerably slower than any 
of the others. This slowest step in a multistep chemical reaction is called the rate-limiting step 
or rate-determining step of the reaction. In such a case, the rate of the overall reaction is equal 
to the rate of the rate-limiting step. In terms of the reaction free-energy diagram in Fig. 4.14. 
the rate-limiting step is the step with the transition state of highest free energy. This diagram in- 
dicates that in the addition of HBr to 2-methylpropene. the rate-limiting step is the first step of 
the reaction—the protonation of the alkene to give the carbocation. The overall rate of addition 
of HBr to 2-methylpropene is equal simply to the rate of this first step. 

The rate-limiting step of a reaction has a special importance. Anything that increases the 
rate of this step increases the overall reaction rate. Conversely. if a change in the reaction con- 
ditions (for example. a change in temperature) affects the rate of the reaction, it is the effect on 
the rate-limiting step that 1s being observed. Because the rate-limiting step of a reaction has 
special importance, its identification receives particular emphasis when we attempt to under- 
stand the mechanism of a reaction. 


transition state of 


highest free energy 


rate-limiting step 


(CH;),Ct 
Br- 
AG? 


STANDARD FREE ENERGY 


+ HBr 
(CH4);C— Br 


reaction coordinate 


Figure 4.14 Reaction free-energy diagram for a multistep reaction. The rate-limiting step of a multistep reaction 
is the step with the transition state of highest standard free energy. In the addition of HBr to 2-methylpropene, the 
rate-limiting step is protonation of the double bond to give the carbocation intermediate. 
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An Analogy for the Rate-Limiting Step 


A rate-limiting step can be illustrated by a toll station on a freeway at rush hour. We can think of the 
passage of cars through a toll booth as a multistep process: (1) entry of the cars into the toll area; (2) 
taking of the toll by the collector; and (3) exit of the cars from the toll area. Typically, paying the toll 
to the collector is the rate-limiting step in the passage of cars through the toll plaza.In other words, 
the rate of passage of cars through the toll plaza is the rate at which they pay their tolls. Cars can ar- 
rive more or less frequently, but as long as there is a line of cars, the rate of passage through the toll 
plaza is the same. 

Installing automated change collectors generally increases the rate at which cars pass through a 
toll plaza. This strategy works because it increases the rate of the rate-limiting step. Increasing the 
speed limit at which cars can approach the toll plaza, on the other hand, would not increase the rate 
of passage through the toll plaza, because this change has no effect on the rate-limiting step. 

Installing "E-Z Pass," an electronic toll permit reader, increases the rate of toll payment even more, 
In fact, it's possible that with "E-Z Pass," toll payment is no longer the rate-limiting step.In this case 
the rate of passage through the toll plaza is limited by the first step, which is the rate at which cars 
enter the plaza. іп this scenario, raising the speed limit of the approach would increase the rate, but 
increasing the speed of the "Е-2 pass" monitor would have no effect. 


PROBLEMS ' i | А ; 
| PROBLEMS 4.29 Draw a reaction free-energy diagram for a reaction А === B => C that meets the follow- 
ing criteria: The standard free energies are in the order C < A < B, and the rate-limiting step 
of the reaction is B === C. 
4.30 Repeat Problem 4.29 for a case in which the standard free energies are in the order 
А < C < B, and the rate-limiting step of the reaction 15 А а B. 


D. Hammond's Postulate 


We've already learned that transition states can be visualized as structures. Recall (Eq. 4.31, p. 
159) that, in the addition of HBr to an alkene, the transition state of the first step is visualized 
as a structure along the reaction pathway somewhere between the structures of the starting ma- 
terials, the alkene and HBr, and the products of this step. the carbocation and a bromide ion: 
Я i 

(CH;),C ===CH, 


(CHj,C—CH, + H—Br: H : (CH), cH, Вг: (436) 
:Br: А 
transition state 
What makes this transition state so unstable? First, the bonds undergoing transition are neither 
fully broken nor tully formed. The unstable bonding situation is why the transition state lies а! 
an energy maximum. But additionally, a significant contribution to the high energy of the tran- 
sition state comes from the same factors that account for the high energy of the carbocation. 
One factor ts that the carbocation has one bond fewer than НВг and the alkene. Because bond- 
ing releases energy, this fact alone means that the carbocation has a considerably higher en- 
ergy than starting materials (or products). The other factor is the separation of positive and 
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negzalive charge. The electrostatic law (Eq. 340. p. 113) tells us that separatian of opposite 
charges requires energy, 

Su, we ve concluded that the energies of the transition state and the carbocation Intermedi- 
ate are very similar, and that the structural elements that account tor the high energy of the var- 
hocation also account lor most of the transition-sLate energy. In view of these similarities, the 
folowing approximation seems justified: The stricte and energy of he transition state im Eq. 
4.36 can be approximated by the atriviure and energy of the carbocation interinediate, This ap- 
proximation сап be generalized in an important statement called Hammond s postulate: 


IIammond's Postulate: For o reaction in which an termediare af relatively high euerov is enfer 
кити fnm reactants of aaoh bwer euer] or canvertod mim produch of nach fewer energy, fe 
кти and energy o] the ронан state can he anprevanated bv the structure aud пети у ef tfe in 
reimeeiute itself. 


This postulate is named for George 5. Hammond (1921 220053, who first stated it und ap- 
plied it to organie reactions in 1955 while he was a professor of chemistry ab Iowa Stare Uni- 
versity, (This is nor Hammond's exact statement of his postulate. but it will prove to be the 
том useful version of it for us.) 

The unity of Hammond's postulate in dealing with reaction rales сап be demonstrated bx 
showing how we could have used it along with a knowledge of carbocation stability to predict 
the reeioseieetivity of HBr addition to 2-methylepropene. Recall (Sec. 4.83€) that the rate-Im- 
Ише step in this reaction is the Brst step: protonation of the alkene by HBr to give a curboca- 
Пол. As shown in Eqs. 4.192 and 4.196. p. 150. this protonation could oceur in two different 
and competing wavs. Protonation of the double bond at one carbon ives the леле bury] cation 
as the unstable intermediate: protonation of the double bond at the other carbon gives the 
isobutyl cation. We apply Hammond s postulate by assuming that re stractures and energies 
of the transition stutes are approximated by the siructures and energies of the unstuble inter- 
mediates the varbocatinnstihemsebves. 


similar structures 
and energies 


similar structures 


and energies 


CH. 
o 
Hi&—C—UCH. Вг BNFE 
Fi 
tert-butyl cation isobutyl cation 
tertiary, more stable: primary, much less stable) 


Because the tertiary carbocation is more stable. the trensiion state leading to tie tertiary car- 
hocation should also be the ane of lower energy. As a result. protonation of Z-methyIpropene 
to give the teriary carbocation has the transition stale with the smaller free energy and is thus 
the faster of the to competing reactions (Fig. 4.15. p. 1661, Addition of HBr to alkenes ts re- 
Hioselective because protonation of a double bond to give a tertiary carbocation has a transition 
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Figure 4.15 A reaction free-energy diagram for the two possible modes of HBr addition to 2-methylpropene. 
Hammond's postulate states that the energy of each transition state is approximated by the energy of the corre- 
sponding carbocation. The formation of tert-butyl bromide (right panel) is faster than the formation of isobutyl 
bromide (left panel) because it involves the more stable carbocation intermediate and therefore the transition 
state of lower energy. 


state of lower energy than the transition state for protonation to give a primary carbocation. The 
stabilities of the carbocations themselves do not determine which reaction is faster: the relative 
free energies of the transition states for carbocation formation determine the relative rates of 
the two processes. Only the validity of Hammond's postulate allows us to make the connection 
between carbocation energy and transition-state energy. 

We need Hammond's postulate because the structures of transition states are uncertain, 
whereas the structures of reactants, products, and reactive intermediates are known. There- 
fore, knowing that a transition state resembles a particular species (for example, a carbocat- 
ion) helps us to make a good guess about the transition-state structure. In this text, we'll fre- 
quently analyze or predict reaction rates by considering the structures and stabilities of 
reactive intermediates such as carhocations. When we do this, we are assuming that the tran- 
sition states and the corresponding reactive intermediates have similar structures and energies: 
in other words, we are invoking Hammond’s postulate. 


PR zi 
ripe 4.31 Apply Hammond's postulate to decide which reaction is faster: addition of HBr to 2-methyl- 
propene or addition of HBr to trans-2-butene. Assume that the energy difference between the 
starting alkenes can be ignored, Why is this assumption necessary? 


49 CATALYSIS 


Some reactions take place much more rapidly in the presence of certain substances that are 
themselves left unchanged by the reaction. A substance that increases the rate of a reaction 
without being consumed is called a catalyst. A practical example of a catalyst is platinum in 
the catalytic converter on the modern automobile. The platinum catalyst in the converter 
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Figure 4.16 A reaction free-energy diagram comparing a hypothetical catalyzed reaction (red curve) to the un- 
catalyzed reaction (blue curve). 


brings about the rapid oxidation (combustion) of hydrocarbon exhaust emissions. This reac- 
tion would not occur were it not for the catalyst; yet the catalyst 1s left unchanged by the com- 
bustion reaction. The catalyst increases the rate of the combustion reaction by many orders of 
magnitude. 

Here are some important points about catalysts. 


|. A catalyst increases the reaction rate. This means that it lowers the standard free energy 

of activation for a reaction (Fig. 4.16). 

A catalyst is not consumed. It may be consumed in one step of a catalyzed reaction, but 

if so, it is regenerated in a subsequent step. 

An implication of points | and 2 is that a catalyst that strongly accelerates a reaction 
can be used in very small amounts. Many expensive catalysts are practical for this rea- 
son, 

3. A catalyst does not affect the energies of reactants and products. In other words, a cata- 
lyst does not affect the АС? of a reaction and consequently also does not affect the equi- 
librium constant (Fig. 4.16). 

4. A catalyst accelerates both the forward and reverse of a reaction by the same factor. 


ты 


The last point follows from the fact that, at equilibrium. the rates of a reaction and its re- 
verse are equal. If a catalyst does not affect the equilibrium constant (point 3) but increases the 
reaction rate in one direction, equality of rates at equilibrium requires that the rate of the re- 
verse reaction must be increased by the same factor. 

When a catalyst and the reactants exist in separate phases. the catalyst is called а 
heterogeneous catalyst. The catalyst in the catalytic converter of an automobile is a hetero- 
geneous catalyst because it is a solid and the reactants are gases, In other cases, a reaction in 
solution may be catalyzed by a soluble catalyst. A catalyst that is soluble in a reaction solution 
is called a homogeneous catalvst. 
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A large number of organic reactions are catalyzed. En this section, we IH introduce the idea 
of catalysis by considering three examples of catalyzed alkene reactions. The Brst example, 
сауне hydrogenatton, is à very important example of heterogeneous catalysis. The second 
example. нип, is an example of homogeneous catalysis. The last example involves catal- 
vsis ol a biological reaction by an enzyme. 


Catalyst Poisons 


Although in theory catalysts should function indefinitely, in practice many catalysts, particularly het- 
erogeneous catalysts, slowly become less effective. It is as if they “wear out." One reason for this be- 
havior is that they slowly absorb impurities, called catalyst poisons, from the surroundings; these im- 
purities impede the functioning of the catalyst. An example of this phenomenon also occurs with 
the catalytic converter. Lead is a potent poison of the catalyst in a catalytic converter. This fact, as well 
as the desire to eliminate atmospheric lead pollution, are the major reasons why leaded gasoline is 
no longer used in automotive engines in the United States. 


Catalytic Hydrogenation of Alkenes 


When a solution of an alkene 1s stirred under an atmosphere of hydrogen, nothing happens. 
But il the same solution is stirred under hydrogen m the presence of a metal catalyst, the hy- 
drogen is rapidly absorbed by the solution. The hydrogen is consumed because it undergoes 
an чейнн to the alkene double bond. 


li 
H 
Put H 
- Н, — > ч 14.38) 
H \ 
H 
cyclohexene cyclohexane 
: _ E Ө Prt, 4 ШО = | 
снлОНн.„сН==Н. + H- ——— CH CE IC HS — CH, (4.39) 
l-octene octane 


These reuachons are examples of catalytic hydrogenation, an addition of hydrogen 10 an 
alkene in the presence of a catalyst. Catalyoe hydrogenation is one of the best ways to convert 
alkenes into alkanes, Caralvtic hydrogenation is an important reaction in both industry and the 
laboratory. The inconvenience of using а special apparatus for the handling of a flammable gas 
(dihydrogen) is more than offset by the great utility of the reaction. 

[n the preceding reacuions. the catalyst is written over the reaction arrows. РИС is read as 
"Phuinum supported on carbon" or simply “Platinum on carbon.” This catalyst is a finely di- 
Vided platinum metal that has been precipitated. or “supported.” on activated charcoal, A num- 
ber of noble metals, such as platinum. palladium. and nickel. are useful as hydrogenation cat- 
alvsts, and they are often used in conjunction with solid support materials such as alumina 
CAELO, bartum sulfate (BaSO,). or. as in the previous examples, activated carbon, Hydro- 
genation van be carried out at room temperature and pressure or, for especially difficult cases. 
al higher temperature and pressure in a "bomb" (a closed vessel designed to withstand high 
Pressures}. 

Because hydrogenation catalysts are insoluble in the reaction solution. they are examples 
of Zeterogeneoms catalysts, (Soluble hydrogenation catalysts are also known and. although 
important, are not so widely used; Sec, 18.61.) Even though they involve relatively expensive 
noble metals. heterogeneous hydrogenation catalysts are very practical because they can 
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be filtered off and reused. Furthermore. because they are exceedingly effective, they can be 
used in very small amounts. For example, typical catalytic hydrogenation reactions can be run 
with reactant-Fo-catalyst ratios of 100 or more, 

How do hydrogenation catalysts work? Research has shown that both the hydragen and the 
alkene must be adsorbed on the surface of the catalyst Tor a reaction to occur. The catalyst is 
believed to form reactive metal carbon and metal-hvdrogen bonds that ultimately are broken 
to form the products and to regenerate the catalyst sites. Beyond this, the chemical details of 
catalytic hydrogenation are poorly understood. This is nol а reaction for which a simple 
curved-arraw mechanism can be written, The mechanism of noble-metai catalysis is an active 
area of research in many branches of chemistry. 

The benzene ring is inert to conditions under which normal double bonds react readily: 


Pii 
CH=CH, + Il, эн CH, —CH, 4.401 


styrene ethylbenzene 


(Benzene rings сап be hydrogenated. however. with certain catalysts under conditions 
of high temperature and pressure.) You will learn that many other alkene reactions do not 
alfect the “double bonds” of à benzene ring. Phe relative inertness of benzene rings toward 
the conditions of alkene reactions was one of the great puzzles of organic chemistry that was 
ultimately explained by the theory of aromaticity. which ts introduced in Chapter 15. 


PROBLEMS | : 
| 4.32 Give the product formed when each of the following alkenes reacts with a large excess of hy- 


drogen in the presence of Pd/C, 
(a) l-pentene | (b) (E3- 1.3-hexadiene 
4.33 (a) Give the structures of five alkenes, each with the formula C,H,,, that would give hexane 
as the product of catalytic hydrogenation. 
(b) How many alkenes containing one double bond can react with H, over a РИС catalyst to 
give methyicvelupentane? Give their structures. (Hint: See Study Problem 4.9, p. 153.) 


B. Hydration of Alkenes 


The alkene double bond undergoes reversible addition of water in the presence of moderately 
concentrated strong acids such as Н.О, HCIO, and HNO.. 


We Cl 
| ATING, | 
C—CH. + H—OH а | С. 65 (4.41) 
НС (in excess: О! | 


solvent) 


2-methylpropene 2-methyl-2-propanol 
(tert-butyl alcohol) 


The addition of the elements of water is in general called hydration. Hence, the addition of 
waler to the alkene double bond is called alkene hydration. 

Hydration does not eccur al a measurable rate in the absence of an acid, and the acid is not 
consumed in the reaction. Hence, alkene hydration is an ecid-caralvzed reaction, Because the 
gatal zing avid is soluble in ihe reaction solution. itis a fomegeneeus catalyst. 
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Notice that this reaction, like the addition af HBr. is regieselecrve. ^s in the addition of 
HBr, the hydrogen adds to the carbon of the double bond with the smaller number of alkyl suh- 
stituents. The more electronegative partner of the Н — OIH hond. the OH group. like the Br in 
HBr addition, adds to the carbon of the double hond with the greater number of alkyl suh- 
stituents. 

In this reaction, the manner in which the catalyst functions can be understood by consider- 
ing the mechanism of the reaction. which 1s very similar to that of HBr addition. In the first 
step of the reaction. which is the rate-limiting step. the double bond is protonated so as to give 
the more stahle carbocation, Because water is present. the actual acid 15 the hydrated proton 
{Н 1. 


ERU HAG 
+ T 
fpe -—— C—CHs * Н.О 144 Xu 
: |" Tu - 
INS Не ун. МАС 
+ 


This ts à Bronsted acid-base reaction. Because this is the rate-Himiting step. the rate o£ the hs- 
dration reaction increases when the rate of this step increases. The strong aed H,O7 is morc 
effective than the considerably weaker acid water in protonating a weak base (the alkene). 1f à 
strong acid is pot present, the reaction does not occur because water alone is too weak an acid 
to protenate the alkene. 

In the next step of the hydration reaction, the Lewis base water combines with the earboca- 
tion in a Lewis avid hase association reaction: 


+ 


(СНС СОН, ж” (CihhE— ÖH, TEE 


Finally, а proton is lost to solvent in another Bronsted aekd-base reaction to give the alcohol 
product and regenerate the catalyzing acid H,O*: 


а 


(CH .),C—OH — € (СНОН +H EERE 
. H 
Ну 


Notice three things about this mechanism, First. И consists entirely of Lewis acid-base and 
Bronsted acid-base reactions. Second, although the proton consumed m Eq. 4.3 2а is not the 
same as the one produced in Ey. 4.326, there is no пег consumption of protons. Finally; the 
base is Eq. 4.42c is water, Some students ure tempted to use hydroxide ion in à situation like 
this because it is a stronger base. However. there is essentially ло hydroxide in a | M nitric 
acid or sulfuric acid solution. Nor is hydroxide needed. because the acid on the leti of Eq. 
J.42c is a strong acid, Whenever Н.О acts as an acid, б conjugate Рахе WO acts as the hasc. 
(Read agam about emphieteric compounds on p. 97 W this isn't clear) More generalis. acids 
aid their conjugate buses always act in tandem in achd Рахе vutatvsis. 

Because the hydration reaction involves carhocation intermediates. some alkenes give re- 
arranged hydration products. 


H OH 


| | 
: Lat Я A ` к; 
HiC—c—cH—cH, - В” — S» cee cH. —-@ ТЕТ 


CH, CHa 
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4.34 Give the mechanism for the reaction in Eq. 4.43. Show each step of the mechanism separately 
with careful use of the curved-arrow notation. Explain why the rearrangement takes place. 
4.35 The alkene 3,3-dimethyl-I-butene undergoes acid-catalyzed hydration with rearrangement. 
Use the mechanism of hydration and rearrangement to predict the structure of the hydration 
product of this alkene. 
4.36 (a) Unlike the alcohol product Eq. 4.41, the product in Eg. 4.43 does not come to equilibrium 
with the starting alkene. However, it does come to equilibrium with two other alkenes. 
What are their structures? 
(by Why isn't the alkene starting material in Eq. 4.43 part of the equilibrium mixture? 


The equilibrium eonstants tor many alkene hvdrations are close enough to unity that the 
hydration reaction ean be run in reverse. The reverse of alkene hydration is called сойо! de- 
hivdratton, The direction in which the reaction is run depends on the application of Le Cháte- 
lier's principle, which states that if aa equilibrium is disturbed, it will react so as lo offset the 
disturbance. For example. if the alkene ts à gas tas in Ey. 4.41). the reaction vessel can be pres- 
surized with the alkene. The equilibrium reacts to the excess of alkene by forming more aleu- 
hol. Neutralization of the acid catalyst steps the reaction and permits isolation of the alcohol. 
This strategy Is used particularly in industrial applications, One such application of alkene hy- 
draton is the commercial preparation of ethyl alcohol (ethanol? trom ethylene: 

EMILE 


Labrsorbued en 
alid suppart i 


- CH iit 
ang C НС —CH;—OH (444) 


Шз == |. — H-0 
ethylene cthanol 


A hich temperature ts required because the hydration of ethylene is very slow at ordinary tem- 
peratures (see Problem 4.37), Recall (Sec. 4.81) that increasing the temperature accelerates п 
reaction, This reaction was üt ene time à mayor source of industrial ethanol, Addhaugh it is stiil 
used, its importance has decreased as the fermentation of sugars from biomass (for example. 
vom) has hecome more prevalent. 

To run the hydration reaction in the reverse (dehydration) direction, the alkene is removed 
им it is formed, typically bs distillation. t Alkenes have signitivanty lower boing points than 
alcohols, as we И further discuss in Sec, АВ. The equilibrium responds by forming more 
alkene. Alcohol dehydration is more widely used than alkene hydration in the laboratars. 
We lH consider this rewon in Sec. 10.1. 

Alkene hydration and aleohol dehydration illustrate (vo important points. First is one of 
the key points about catalysis: a catalyst aecelerates the forward und reverse reactions of an 
equilibrium bs the same Factor. For example. because alkene hydration is acied-eataly zed. al- 
cohol dehydration is acid-cataly zed as well. A second point is that alkene hydration and aleo- 
hol dehydration occur by the forward and reverse of the same mechanism. Generally. fa re- 
action occurs Бу a certum есап. the reverse reaction under the хате conditions occurs 
by the exact reverse of that mechanism. This statement is called the principle of microscopic 
reversibility. Microscopic reversibility requires; for example. that if you know the mechanism 
of alkene hydration, then vou know the mechanism of alcohol dehydration as well. A conse- 
quence of micrescopie reversibility is that the rate-limiting transition states of a reaction and 
IS reverse are the same. For example. if the rate-limiting step of alkene hydration is protona- 
Gon af the double bond to form the carbocation intermediate (Eq. 4.422). then the rate-Imit- 
ing мер of alcohol dehydration is the reverse of the same equation—deprotonation of the car- 
bocaution to sive the alkene. 
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PROBLEMS ' ; 
| PROBLEMS 4.37 Explain why the hydration of ethylene is a very slow reaction. (Hint; Think about the struc- 
ture of the reactive intermediate and apply Hammond's postulate.) 
4.38 Isopropyl alcohol is produced commercially by the hydration of propene. Show the mecha- 
nistic steps of this process. If you do not know the structure of isopropyl alcohol, try to de- 
duce it by analogy from the structure of propene and the mechanism of alkene hydration. 


C. Enzyme Catalysis 

Catalysis is not limited to the laboratory or chemical industry. The biological processes of na- 
ture involve thousands of chemical reactions. most of which have their own unique naturally 
occurring catalysts, These biological catalysts are called enzymes. ( The structures of enzymes 
are discussed in Sec. 26.10.) Under physiological conditions. most important biological reac- 
tions would be too slow to be useful in the absence of their enzyme catalysts. Enzyme cata- 
lysts are important not only in nature; they are finding increasing use both in industry and in 
the laboratory, 

Many of the best characterized enzymes are soluble in aqueous solution and hence are ho- 
mogeneous catalysts. However. other enzymes are immobilized within biological substruc- 
tures such as membranes and can he viewed as heterogeneous catalysts. 

Ап example of an important enzyme-catalyzed addition to an alkene is the hydration of fu- 
marate ion to malate ton. 


С) 
| 
H ECT fumarase © OF o 
/ fan enzvme | | | 
C=C THO === 0IL wWwAS) 
"(у—&, Н malate 
| 
С) 
fumarate 


This reaction is catalyzed by the enzyme fumarase. 1015 one reaction in the Krebs cycle. or cit- 
ric acid cycle, a series of reactions that plays a central role in the generation of energy in bio- 
logical systems. Fumarase catalyzes only this reaction. The effectiveness of fumarase cataly- 
sis can be appreciated by the following comparison: At physiological pH and temperature 
(pH = 7, 37 °C), the enzyme-catalyzed reaction is about 10° times faster than the same reac- 
tion in the absence of enzyme. 


KEY IDEAS IN CHAPTER 4 


ш Alkenes are compounds containing carbon-carbon the c electrons and can be donated to Bronsted or 
double bonds. Alkene carbon atoms, as well as other Lewis acids. 


trigonal planar atoms, are sp?-hybridized. | е 
B In the IUPAC substitutive nomenclature of alkenes, 


B Thecarbon-carbon double bond consists of a o bond the principal chain, which is the carbon chain con- 
and a 7 bond. The т electrons are more reactive than taining the greatest number of double bonds, is 


numbered so that the double bonds receive the jow- 
est numbers. 


Because rotation about the alkene double bond does 
not occur under normal conditions, some alkenes can 
exist as double-bond sterioisomers, These are named 
using the £Z priority system. 


The unsaturation number of a compound, which is 
equal to the number of rings plus double bonds in the 
compound, can be calculated from the molecular for- 
mula by Eq. 4.7 on p. 139. 


Heats of formation (enthalpies of formation) can be 
used to determine the relative stabilities of various 
bonding arrangements. Heats of formation reveal that 
alkenes with more alkyl groups at their double bonds 
are more stable than isomers with fewer alkyl groups 
and that, in most cases, trans alkenes are more stable 
than their cis isomers. 


Reactants are converted into products through unsta- 
ble species called transition states. A transition state 
of a reaction step can be approximated as a structure 
intermediate between reactants and products, and it 
can be drawn by using dashed bonds and partial 
charges. 


A reaction rate is determined by the standard free en- 
ergy of activation AG”, which is the standard free en- 
ergy difference between the transition state and the 
reactants. Reactions with smaller standard free ener- 
gies of activation are faster. 


The rates of reactions increase with increasing 
temperature. 


The rates of multistep reactions are determined by 
the rate of the slowest step, called the rate-limiting 
step. This step 15 the one with the transition state of 
highest standard free energy. 


Dipolar molecules such as H— Br and H— OH add to 
alkenes in a regioselective manner so that the hydro- 
gen adds to the carbon of the double bond with the 
most hydrogens, and the electronegative group to 


REACTION / \ REVIEW 
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the carbon of the double bond with the greater num- 
ber of alky! groups. Addition of water requires acid 
catalysis because water itself is too weak an acid to 
protonate the т bond. 


According to Hammond's postulate, the structures 
and energies of transition states for reactions involv- 
ing unstable intermediates (such as carbocations) re- 
semble the structures and energies of the unstable in- 
termediates themselves. 


The regiaselectivity observed in the addition reac- 
tions of hydrogen halides or water to alkenes is a con- 
sequence of two facts: (1) the rate-limiting transition 
states of the two competing reactions resemble car- 
bocations; and (2) the relative stability of carbocations 
is in the order tertiary > secondary > primary. Appli- 
cation of Hammond's postulate leads to the conclu- 
sion that the reaction involving the more stable car- 
bocation is faster. 


Reactions involving carbocation intermediates, such 
as hydrogen halide addition and hydration, show re- 
arrangements in some cases, Unstable carbocations 
rearrange to more stable ones by a shift of an alkyl 
group, aryl group, or hydrogen to the electron-defi- 
cient carbon from an adjacent carbon. The group that 
moves brings along its bonding electron pair. As a re- 
sult, the adjacent carbon becomes electron-deficient. 


А catalyst increases the rate of a reaction without 
being consumed in the reaction, À catalyst does not 
affect the equilibrium constant for a chemical equilib- 
rium. Catalysts accelerate the forward and reverse re- 
actions of an equilibrium equally. 


Catalysts are of two types: heterogeneous and homo- 
geneous. Catalytic hydrogenation of alkenes is an im- 
portant example of heterogeneous catalysis; acid-cat- 
alyzed hydration of alkenes involves homogeneous 
catalysis. 


Enzymes are biological catalysts that accelerate bio- 
logical reactions by many orders of magnitude.. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 4, in the Study 
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ADDITIONAL PROBLEMS 


4.39 


4.40 


4.41 


4.42 


4.43 


4H 


Give the structures and IUPAC substitutive names of 
the isomeric alkenes with molecular formula C,H, con- 
laining five carbons in their principal chains. 


Give the structures and the IUPAC substitutive names 
of the isomeric alkenes with the molecular formula 
C,H, containing four carbons in their principal chain. 


Which alkenes in (a? Problem 4.39 and (b) Problem 
4.40 give predominantly a single constitutional isomer 
when treated with HBr, and which give a mixture of 
isomers? Explain. 


Arrange the alkenes in (a) Problem 4.39 and (b) Prob- 
lem 4.40 in order of increasing heats of formation. 
(Some may be classified as "about the вате”) 


Give a structure for each of the following compounds. 
(а) cyelobutene — (b) 3-methyl-1-octene 

le) styrene (d) isoprene 

(e) 5,5-dimethyl- 1.3-cycloheptadiene 

(D I-vinvleyclohexene 


Give an IUPAC substitutive name for each of the fol- 
lowing compounds. Include the E.Z designations where 
appropriate, 

ib) 


ial CH, 


H,C—CH(CH,;),CH 
CH; 
TT (d) CH:CH;CH;CH, 
H C—CH, 


A confused chemist Al Keane used the following names 
in а paper about alkenes. Although each name specifies 


4.46 


4,47 


fd 


4.49 


a structure, in some cases the name is incorrect. Correct 
the names that are wrong. 

(ab rrans-l-rerr-butylpropene (b) 3-butene 

ic} (Z)-2-hexene (d) 6-methyleycloheptene 


Specify the configuration (E or Z) of each of the fol- 
lowing alkenes, Note that D is deuterium, or ^H, the iso- 
tope of hydrogen with atomic mass — 2. 


(а) D CD, (biel ] 
с=с "us E 
C=C к= 

p T y i 
H CH, Вг Нг 
ic) CH, 


Classify the compounds within each of the following 
pairs as either identical molecules (D, constitutional iso- 
mers (C), stereoisomers (5). or none of the above (ЇЧ). 
(a) cyclohexane and 1-hexene 

(h) cyclopentane and cyclopentene 


te) СУН» CaHs 
and 
(d) HC CH, 
H,C-——CHCH;CH, and C=C 
\ 
H H 
{е | 
HC H дъ. CHa 
C=C and C=C 
ad. T. / \ 
H CH CH,CH, H H 


Use the principles of Sec. 1.3B to predict the geometry 
of BF,. What hybridization of boron is suggested by 
this geometry? Draw an orbital diagram for hybridized 
boron similar to that for the carbons in ethylene shown 
in Fig. 4.3, and provide a hybrid orbital description of 
ће bonding in BF,. 


Classify each of the labeled honds in the following 
structure in terms of the bond type (оог m) and the 
component orbitals that overlap to form the bond. (For 
example, the carbon-carbon bond in ethane is an 
sp^-sp? o bond.) 


[1 11 
| E 
Н — ¢:—M_- си mM tlk tf oo 
FE (hu e NIE 
Ef H 


4.50. (a) Phe following compound can be prepared by the ad- 
dition of HBr to eiuhier of (wo alkenes: give their 
sirueclures. 


lr СН, 


fb) Starting with the sume two alkenes. would the prodl- 
ucts he dillerentit DBr were used? Explain. (See 
note howl deuterium in Problem 4.46.) 


45] An alkene X with molecular formula CoH. adds HBr te 
ave a апае ШК halide АШ molecular formula 
C-H Br and undergoes catalytic hydrogenation to give 
1. L-dimethbs leyelopentane, Draw the structures of А amd 
Y (See Study Guide Link 4.3.1 


ая 


STUDY GUIDE LINK 4.3 
Solving Structure 
Problems 


+ 
"Fi 
[- 


five the structures of the to stereorsonterie alkenes 
with the molecular formula CH lat reach with HE to 
give the same aigle product and undergo catalytic hy- 


drogenation to eive hexane. 


4.51 You have been called in as a consultant for the firm Al- 
соох Unlimited. which wants to build a plant to pro- 
duce A-methvl- I -butanol CH CHCIECTLOEH. The 
research director, Al Keyhall. has proposed that acid- 
catalyzed hydration of 3-methsl- -bulene be used to 
prepare this compound. The company presiden. ©, Н. 
Gruppa, has asked vou to evaluate this suggestion, Mil- 
lions of dollars are on the line. What is vour answer? 
Can 3-methyE d -butanol be prepared in this wav? Ex- 


plain your answer 


4.54 A certain compound А is converted into a compound В 
n a reaction without intermediates. The reaction has an 
equilibrium constant А, T [5]/[A] 
free enerev of A as arelerence point, a standard [ree en- 

(23 keal mol. hi. 


(ab Draw a reaction free-energy diagram tor this 


ergy obf activalten of 96 kJ mol 


process, showing the redative tree energies of A. В. 


and ihe transition siate for the reaction. 


Lh) What is the standard free energy of activation for the 


reverse reaction В A? Tow do you Know! 


1 50 and. with the 
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4.55 Arcachon Аж B a C a= D has the reaction 
free-energy diagram shown in Fig. P4.55. 

(at Which compound is present in greatest amount 
when the reaction comes to equilibrium? In least 
amount? 

(hy What is the rate-limiting step of the reaction? 

(et Using a sertical arrow, label the standard free energy 
of activation for the overall А æ D reaction. 

idi Which reaction of compound C is faster: C — AH or 


C —- EY? Mow do vou know" 


4.50 Invoking Hammond's postulate. draw the structure ot 
the reactive intermediate that should most closely re- 
semble the transition state of the rate-limiting step for 
Ihe hydration o£ l-methvieyctohexene. (The first step in 
the mechanism, protonation of the double bond, is rate- 


limiling.) 


4.57 (a) Give the product X expected when methylencey- 


clohutane undergoes acid-catalyzed hydration, 


Sect + ны EN 


methylenecyclobutane 


(bi The rate-limiting step is protonation of the double 
boud: use НО” as the avid catalyst. Draw the struc- 
ture of the reactive intermediate formed in the rale- 
limiling slep. 

(€) Draw the transition state for the rate-limiting step. 

(d) What is the rate-limiting step tor dehydration of X 


(ihe reverse of the reaction shown above" 


STANDARD FREE ENERGY 


reaclion coordinate 


Figure Р4.55 
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The heat of Formation of (E - 1,3-pentadiene is 75.8 kJ 
mol ' (18.1 kcal mol '). and that of 1.4-pentadiene is 
106.3 kJ mol ! (25.4 kcal mol. 

(a) Which alkene has the more stable arrangement of 
bonds? 

(b) Calculate the heat liberated when one mole of 1,3- 
pentadiene is burned. The heat of combustion of car- 
bon is —393.5 kJ mol ' (—94.05 kcal mol '), and 
that of H, is —241.8 kJ mol! (—57.80 kcal mol‘), 


When 3-methyl-1-butene is burned to CO, and H,O. 
3149.3 kd/moi (752.7 kcal/mal) of heat is produced. 
How much heat is liberated when 2-methy!-1-butene is 
burned? Heats of formation are: 3-methyl- | -butene. 
-27.40 kJ mol ' (—6.55 kcal mot '); 2-methyi-1- 
butene, —35.1 kJ mol! ( —8.39 kcal mol '). The heats 
af combustion of carbon and hydrogen are лог 
necessary to work this problem. (Aint: Write a balanced 
equation for each combustion reaction. Then draw a di- 
agram of the energy relationships among the two hydro- 
carbons. 5 C + 5 H. and 5 CO, + 5 Н.О.) 


Make a model of eycloheptene with the trans (or Ё) 
configuration а1 the double bond. Now make a model of 
cis-cycloheptene. By examining your models, deter- 
mine which compound should have the greater heat of 
formation. Explain. 


Which of the following two reactions should have the 
greatest А" change? Why? (Hint: Examine a model of 
the two cis alkenes. 

il} 
(CH44C 


CICH) (EH, hC H 


C= 
/ 
H H H 


Н.С ЄН, CH; 


НАС CI 1; 


Figure P4.64 
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4.63 


Consider the following compounds and their dipole mo- 


ments: 
C] CI CI CI 
|j / E / 
C=C =F 
Ёё / 
НС CH; H H 
240 19D 


Assume that the C— C1 bond dipole 15 oriented as fol- 
lows in each of these compounds. 


М T 


—C—Cl 


(a) According to the preceding dipole moments, which 
is more electron-donating toward a double bond, 
methyl or hydrogen? Explain. 

(b) Which of the following compounds should have the 
greater dipole moment? Explain. 


Cl H CH, 
/ 


C] 
Ж ы] 
[m 
/ 


N | 
Н CH, 4H H 


The curved-arrow notation can be used to understand 
seemingly new reactions as simple extensions of what 
you already know. This is the first step in developing 
an ability to use the notation to predict new reactions. 
Provide a curved-arrow mechanism for the following 


reaction, 
Hi 
t—cHOHICHiOM езана. HC 
t B ma H;SO, " 


а | FT 
C—C—H :О%О,Н 


То do this. follow these steps: 
|. Examine the reactants and products and label core- 
sponding atoms. If you re not sure, make a guess. 


2. Describe what has happened to the functional 
groups in the starting material. In this case. focus on 
the double bond. Is this transformation similar in 
апу way to a reaction you have seen before? 

Н CH, 
=—_ мә + Н — 080;Н 
Н.С CH; 


4.64 


4.65 


Н.С 


/ 
НС 


1.66 


4.67 


3, Make the connections you deduced in (1) with a 
curved-arrow mechanism. trying to use steps that 
are similar to mechanistic steps you've seen in other 
reactions. Use separate structures for each step of 
the mechanism: that is, don't try to write several 
mechanistic steps using the same structure. 

4, Use a Lewis acid-base or Bronsted acid—base reac- 
tion for each step. 


Supply the curved-arrow notation for the acid-catalyzed 
Isomerization shown in Fig, P4.64. 


The industrial synthesis of methyl rert-buty| ether in- 
volves treatment of 2-methylpropene with methanol 
(CH,OH) in the presence of an acid catalyst. as shown 
in the following equation. 


CH, 


N HAO 
„а. 


C=CH, + CH,O—H H,C—C—CH, 


:OCH; 


methyl tert-butyl ether 


This ether is used commercially as an antiknock gaso- 
line additive. Using the curved-arrow notation, propose 
a mechanism for this reaction. 


Using the curved-arrow notation, suggest a mechanism 
for the reaction shown in Fig. P4.66. 

(Hints: (1) Follow the problem-solving suggestions in 
Problem 4.63. (2) Use Hammond's postulate to decide 
which double bond should protonate first.) 


The standard free energy of formation, AG?, is the free- 
energy change for the formation of a substance at 25 °C 
and | atm pressure from its elements in their natural 
slates under the same conditions. 

(a) Calculate the equilibrium constant for the intercon- 
version of the following alkenes, given the standard 
free energy of formation of each. Indicate which 
compound ts favored at equilibrium. 


4.68 
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нс CH; HC CH, 
` 
C—-C—H а C=C 
B | ў \ 
H;C CH, НАС CH; 
AG? 79,0 k] mal! 75.9 kJ mol"! 
ib) [8.9 keal mel! 18.1 kcal mol! 


What does the equilibrium constant tell us about the 
rate at which this interconversion takes place? 


The difference in the standard free energies of formation 
for 1-butene and 2-methylpropene is 13.4 kJ mol”! (3.2 
kcal mol ^). (See the previous problem for a definition 
of AG?) 

(а) Which compound is more stable? Why? 

(b) The standard free energy of activation for the 
hydration of 2-methylpropene is 22.8 kJ mol! 

(5.5 kcal mol `} less than that for the hydration of 
|-hutene. Which hydration reaction is faster? 

(c) Draw reaction free-energy diagrams on the same 
scale for the hydration reactions of these two alkenes, 
showing the relative free energies of both starling ma- 
terials and rate-determining transition states. 

(d) What is the difference in the standard free energies 
of the transition states for the two hydration reac- 
tions? Which transition state has lower energy? 
Using the mechanism of the reaction, suggest why it 
is more stable. 


The standard free energy of activation (AG?*) for hydra- 
поп of 2-metbylpropene to 2-methyl-2-propanol (Eq. 
4.41, p. 169) 15 91.3 KJ mol ' (21.8 kcal mol ^). The 
standard free energy AG? for hydration of 2-methyl- 
propene is —5.56 kJ mol ' (— 1.33 kcal mol !). The 
rate of hydration of methylenecyclobutane to give an al- 
cohol (compound X in Problem 4.57) is 0.6 times the 
rate of hydration of 2-methyipropene. The equilibrium 
constant for the hydration of methylenecyclobutane is 
about 250 times greater (in favor of hydration) than the 
equilibrium constant for the hydration of 2-methylpro- 
pene. Which alcohol. X or 2-methyi-2-propanol, under- 
goes dehydration faster, and how much faster? Explain. 


HC 


* è 
E —CHCH;CH;CH —CH, + HO: 


H 10 


Figure P4.66 


m 


OH 
H.C а 


Addition Reactions 
of Alkenes 


The most common reactions of alkenes are addition reactions. In Chapter 4, we studied 
hydrogen halide addition, catalytic hydrogenation, and hydration. and we learned how the 
curved-arrow notation and the properties of reactive intermediates can be used to understand 
the regioselectivity of these additions. This chapter surveys some other addition reactions of 
alkenes using the same approach. We'll also learn about a new type of reactive intermediate, 
the free radical, and we'll learn a different curved-arrow notation that we'll use for reactions 
involving free-radicals. 


AN OVERVIEW OF ELECTROPHILIC ADDITION REACTIONS 


In subsequent sections, we're going to study four more alkene addition reactions in detail. 
First, though, we're going to look at these reactions in a more general way to see how they re- 
semble two reactions we ve already studied, the addition of HBr (Sec. 4.7) and the addition of 
H4O (Sec. 4.9B). Seeing these connections will help you to learn these reactions more easily. 

Here are the four reactions, each illustrated with a prototypical alkene, 2-methylpropene. In 
each case, first convince yourself that each of these reactions 1s an addition. Then determine 
what has heeo added to the double bond. Notice where each group in the product comes from. 


Bromine addition: 


CH; 
Ка CH;Cl. Тре 
C=CH,+ Br—Br LONEN p Ge (5.1) 
H.C Br Br 
2-methylpropene |,2-dibromo-2-methylpropane 
(isobutylene) 
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Qvvmereuration: 


TAS m 
as + Acil Нь Oc + HFI CH ——- che CH; e q iie (5.2) 
MC mercuric acetaic (solent; | denti ad 


: HO He CJAC 
im large excess) e 


In this equation. — OAc and AcO — are abbreviations for the ecetexy SPONE 


O 
Ac) = —OAc = —O—C—CH, 
acetoxy group 
Hydroboration: 
LC CH, 
C—CH.4 H—BH, толе qp (c (cH TET 
/ | b 
HC borane H BH 


isobutylborane 


In this reaction, don t contuse the element Рел (Ba with рле (Вг). Some students make 
this erroneous subliminal association, Boron is a group 3A element and bromine is à group 7A 
element —a halogen. 


Ozenolysis: 


H«C. + CH, 
pow | 
OQ—(CH. + УГ O eC CCH. (5.4) 
f , р / 
HC ozune N 5 E 


4 meoiozonide 


Ozonolvsis is an example of a eveloaddition, which ts an addition reaction that forms a ring. 

When we consider the reactions in whieh the (wo groups that add to the double bond are 
different. and if we focus on the relative electronegatisities of the (мо groups, the outcome of 
each reaction is similar to the outcomes of HBr addition and hydration. In the additions of 
both HBr and Н.О. the hydrogen. which is the less electronegative group in both H— Br and 
H—OR. adds to the CH, carbon of the double bond. and the more electronegative group 
(—Br or —OH adus to the carbon with the methyl substituents. 


less muore 
electronegsativ electri Nepal Ive 
Se Crp оир _ T 
hE M / CH, (М) 
л ^ Ё | 
f | 
Ht x= Bror OH X H 


In oxymercuration (Ец. 3.2), the Hg is a metal, which ts much less electronegative than the 
oxygen of the. —OH group. [n this reacaon, too, the Jess electronegative group adds to the 
carbon of the CH. and the more electronegative group adds te the carbon with the methyl 


180 CHAPTER 5 *» ADDITION REACTIONS OF ALKENES 


substituents. In hydroboration (Eq. 3.3}, the same pattern applies, Table 1.1 (p. 9) shows that 
the electronegativity of hydrogen is greater than thal of boron. so, in this case, Avdregen ts rie 
more electronegative group. The boron. the less electronegative group. adds to the CH. car- 
hon, and hydrogen. the more electronegative group, adds to the carbon with the methyl sub- 
stituents. 

To generalize these observations: [n these addition reactions, when the two groups thal add 
are different. ie carbon of the double bond with fewer alkyl substituents becomes bonded то 
the less electronesanve greup, and the carbon of the double bond with mare alkvl substituents 
becomes bonded to the more electronegative group. We can think of this statement as а “mod- 
iied Markovmkovs rule" (p. 148). 

As vou ll learn in the following sections, these reactions occur by different mechanisms. 
But a common thread runs through all of the mechanisms. The first step of euch reaction is the 
donanon of electrons from the alkene T bond, acting as a Lewis base, to un eleetrophilic 
group. The electrophilic group becomes bonded to the alkene carbon with fewer alkyl sub- 
stituents, A nucleophilic group that was either part of the original reactant or present in solu- 
Gon completes the addition by donating electrons to the alkene carbon with the greater num- 
ber of alkyl substituents. Abbreviating the electrophilic group as E (bfvet and the nucleophilic 
group as X (reed). this idea can be summarized as shown in Eq. 4.6. (The dashed curved arrows 
show the sources of electrons bul aren't meant to indicate the actual reaction mechanism. 


all reactions begin by 
donation of electrons H—Br HBr addition 
from the 7 bond 


toanelectrophile — | + | 
— ———- H— OH. hydration 
| 
| - 
p ean Br--Bi Ar. адаан 
га R1 ~ 
" "ru mechanisms е 
СС — CH: + Хх ————— (CHEC СН. | . (5.61 
JA : : xi (CHa), | | - Hg(OAcH. HO axyiiercuration 
аана И A } 
| H-B —H hydroboration 
[| 
in all SHOE d | ^ 
| а X "mers 


| nucleophilic group donates electrons UY O ozonolysis 
to the alkene carbon with more 
alkyl substituents 


Review the mechanisms of HBr addition (Sec. 2.7B) and hydration (Sec. 4.9B) and notice 
how they fit this pattern. 

You may have observed that the electrophile is the less electronegulive group of the two 
eroups that add to the double bond. We might think that the more electronegative group should 
be more “greedy” for electrons and for this reason should be the better electrophile. in other 
words, we might ask why the alkene т electrons are donated to the jess electronegative group. 
We can see why by considering the first step of the HBr addition mechanism. The hydrogen ts 
the electrophile and the Br serves as a leaving group. 


the electrophile both accepts and 
gives up electrons in an electron-pair 
displacement reaction 


leaving group 


nds E [X 4 | + m 
—(CH, H-——Br: ——» (CH)-C—CH. — :Br: (5.71 
ч leophile i le trophule | | 
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This is an electron-pair displacement reaction. As this example illustrates, the electrophile in 
this type of reaction both accepts and releases electrons. but the leaving group only accepts 
electrons. Therefore, electronegativity 1s more important for the leaving group. Although the 
mechanisms of the other addition reactions differ somewhat, we'll find that the same issues are 
present. 

Because of the similarity of these addition reactions and others like them, they are grouped 
as a class and referred to as electrophilic additions. An addition reaction is an electrophilic 
addition when it begins with the donation of an electron pair from a 7r bond to an electrophile. 


PROBLEM " à 
| PROBLEM | 5.] (a) Iodine azide, i—N,, adds to isobutylene in the following manner: 


et 


T + ия : 
(CHj4J;C— CH; + :[—N=N=N: — (CH;),C— CH; 
iodine azide -— " 
ч==м==М: Д: 
Which group is the electrophilic group to which the 7r bond donates electrons? How do you 
know? Does this result fit the electronegativity pattern for electrophilic additions? Explain. 
(bi Prediet the product of the following electrophilic addition reaction, and explain your rea- 
soning. 
(CH;LC-—CH; T :1—Br: ——= 


iodine bromide 


REACTIONS OF ALKENES WITH HALOGENS 


A. Addition of Chlorine and Bromine 


Halogens undergo addition to alkenes. 


cis- or trans-2-butene жеш) B C 
2,3-dibromobutane 

H 

H - 

+ CL. —QUh " CI (5.9) 

H (solvent? 

H 
cyclohexene 


1,2-dichlorocyclohexane 
(70% yield) 
The products of these reactions are vicinal dihalides. Vicina! (Latin vicinus, for "neighbor- 
hood”) means “on adjacent sites.” Thus, vicinal dihalides are compounds with halogens on ad- 
jacent carbons. 

Bromine and chlorine are the two halogens used most frequently in halogen addition. Flu- 
orine is во reactive that it not only adds to the double bond but also rapidly replaces all the hy- 
drogens with fluorines, often with considerable violence. Iodine adds to alkenes at low tem- 
perature, but most diiodides are unstable and decompose to the corresponding alkenes and 1, 
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at room temperature. Because bromine is a liquid that is more едм handled than chlorine 
gas. mam halogen additions are carried out with bromine. Inert solvents such as methylene 
chloride (CHCl or carbon tetrachloride (CCL) are typically used tor halogen additions Þe- 
cause these solvents dissolve both halogens and alkenes. The addition of bromine to most 
alkenes is su fast thal when bromine is added dropwise to a solution of the alkene the red 
bromine color disappears almost immediately. In fact, ais discharge of volor 1s a useful gual- 
tative test for afkenes. 

Bromine addition can occur by à variety of mechanisms, depending on the solvent. the 
alkene. and the reaction conditions. One of the most common mechanisms involves a reactive 
intermediate called a лопте ton. 


ЕЕ 
Рг: 
zx ТА | 
Сї Н==СНСИ + Br <= CH.CliI—CHCH, Br: ГУТ 


a тента ion 


^ bromonium ion is à species that contains a bromine bonded to two carbon abonts; the 
bromine has an octet of electrons and à posilive charge. Formation of the bromonium ion ec- 
curs in a single mechanistic step. However. it is eusier to understand how ilis formed if we dis- 
sect bromoenium-10n formation nto two слон steps, in ihe first step. the electrons of the т 
bond are donated to one of the bromines. the other bromine acts as а leaving group. and a car- 
bocation is formed. This is exactly like carbecation formation in the reaction of HBr with an 
alkene. except that in this cuse, Br rather than H ts the electrophile. In the second step, the car- 
bocation undergoes a Lewis aeid-base association reaction with the neighboring bromine. 


йы ак. nucleophile. ‘Bri {БЇ 
ГУЕ, apii : Di È нен і n -n .. Вг " Br 
| EA Pur 
" Мер d | Ea А А АЛ А ` 1 ч = 
CH,CHZ-CHCH, —““» сисн—сСноп, а СОСН =СПСН, 6b 
i | 
nucleophile electrrophil ` 


Step 2 is an emiramolecular internals Lewis acid-base associution reaction. The intramolecu- 
lar reaction occurs in preference to the intermolecular reaction with bromide tan because the 
first bromine ts "next door" and. unlike the bromide ion. doesn't have to rely on random Jif- 
fusion Lo find the earbocation. 

Bramonium ions are favored. energetically over carbocations because every atom in à 
bromenium юп has a full octet of electrons. Although bromonium ions. like carbocations, are 
reactive intermediates, bromonium ions have been isolated under special conditions. Analo- 
gous halonium ions form when chlorine or rodine reacts with alkenes, 

The mechanism in Eq. 5.11. through conceptually useful. is hetittaus because earboca- 
lions are not actual intermediates in most halogen additions; We know this because alkenes 
that give carbocation rearrangements in ABr addition do not give rearranged products in 
bromine addition, Other evidence involves stereochemical areuments, which we'll consider 
in Chapter 7. Hence. we revise our fictitious mechanism in Eq. 5.11 to show the Formation of 
the hromenium om in a single step. To do this, we merge the curved arrows of the tivo steps 
Into a single step. 
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(2) The other bromine “Br: (3) The bromine donates 
serves as a leaving group. | an electron pair to form the 
Bris other C—Br bond. 


(1) The 7 bond of the alkene 
donates an electron pair to one 
bromine to form one C—Br bond. 


1 / | phe [5.1 21 


CH;CH—CHCH, > CH,CH—CHCH;.— :Brz 


Bromine addition ts completed when the bromide зол donates an electron pair to either one 
of the ring carbons of the bromenium ion. 


li ving group 
electraphtitü 9 (e Br: : Br: 
SIN. | " 
CH4CH—CHCH. —3- (CH3CH—CHCH, 


OE. (Вг: 
: Br: А5. 


nucleophile 


(5.13) 


This is another electeei-peaite displacement reaction (Sec. 3.21 in which the nucleophile is bro- 
mide ion, the electrophile is the carbon that accepts an cleetron pair from the nucleophile, and 
the leaving group rs the bromine of the bromontum ton, (The leaving group doesn 1 actually 
leave the molecule. because it is tethered by another bond.) This reaetion occurs because the 
positively charged bromine is very electronegative and readily accepts an electron pair. [t also 
occurs because. as we IM learn in Chapter 7, three-membered rings are strained. as you can see 
if you attempt to build a model: opening a three-membered ring releases considerable energy, 


B. Halohydrins 


In the addition of bromine. the only nucleophile (Lewis base) available to react with the 
bromonium jon is the bromide ton (Eg. 5.1301. When other nucleophiles are present. they, 100. 
can react with the hromonium ion to farm products other than dibromides. A common situa- 
Gon af this (уре occurs when the solvent itself is à Lewis base. For example. when an alkene 
is (reeled with bromine in a solvent соате a large excess of water, a water molecule rather 
than bromide ion reacts with the Promontum ton. 


x - 
(C: Вг: prt 
F x | 
CH CTI—Ci CHE, mr CIHAGCH— EHH, 5.144} 
3 E 
HO: 11— 0: 
H 
Loss of a proton from the ox gen im a Bronsted acid-base reuction gives the product. 
: Вт: : Вг: 
| | - 
CHCH CHICH; == CH,CH—CHCH, + О" BREN 
H— O H 
—():: (7: 
Н q hromohydrin 


ELES 
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The product is an example of a bromuhvdrin: à compound containing both an — ОН and a 
— Br group. Bromohydrins are members of the general class of compounds called halohy- 
drins, which are compounds containing both a halogen and an — OH group. In the most com- 
mon type of halohydrin, the two groups occupy adjacent, or vicinal, positions. 


X ОН X = Cl, a chlorohydrin 

| | Br, a bromohydrin 
R—C | —R 1, an iodohydrin 

| 

R R 


general stru ture 
of a vicinal halohydrin 
IR = alkyl. aryl, or 1) 


Halohydrin formation involves the net addition to the double bond of the elements of a hypo- 
halous acid, such as hypobromous acid, HO — Br. or hypochlorous acid, HO— Cl. Although 
the products of E addition are unstable (see Sec. 5.2. todohydrins can also be prepared. 

When the double bond of ihe alkene Is positioned unsymmetrically, the reaction of water 
with the hromonium ion can give two possible products. each resulting from breakage of a dit- 
ferent carbon—bromine bond. The reaction 1s highly regioselective. however, when one carbon 
of the alkene contains twe alkyl substituents. 


Hc CH, 
— ee + Bra + 11.09 ж — ш. + НВг (5.15) 
НС (solvent) OH Br 


127 76 vieldi 


The reason for this regioselectivity can be seen from the structure of the bromonium ion 
(Fig. 5.1). In this structure, about 90% of the positive charge resides on the tertiary carbon, and 


Ter n 
longer bond ,. 


є, 


а 


™ positively charged ^ 
carbon 


v eveball view of EPM 
[aj ih} 


Figure 5.1 (a? A ball-and-stick model showing the structure of the bromonium ion involved in bramine addition 
to 2-methylpropene. Notice the very long bond between the bromine and the tertiary carbon. tb) An EPM of the 
bromonium ion viewed from the direction of the eyeball in part (а). Notice the concentration of positive charge on 
the tertiary carbon, which is indicated by the blue color. About 90% of the positive charge resides on this carbon. 
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the bond between this carbon and the bromine is so long and weak that this species is essen- 
tially a carbocation containing a weak carbon-bromine interaction. 


Hc CH: 


Кө 


Water reacts with the bromonium ton at the tertiary carbon, and the weaker bond to the leav- 
ing group is broken, to give the observed regioselectivity. 


Br: Н.С ‘Br: HC Br: 
BN ыл m :OH, A" Оя 
H с ССН; —» H,C—C-—CH;/-——* Н,С—С--СН, + НО (5.16) 
5 | 
H ү, " n | 
= МОН, ‘OF H :OH 

| Eo 
H 


| Study Problem 5.1 


Which of the following chlorohydrins could be formed by addition of Cl, in water to an alkene? 


Explain. 
cl id CH;CI 
H4C —C— CH— CH; OH 
сн, 
А В 


Solution The mechanistic reasoning used in this section shows that the nucleophile 
(water) reacts with the carbon of the double bond that has more alkyl substituents. In 
compound A, the carbon bearing the —OH group has fewer alkyl substituents than the 
one bearing the —Cl. Hence, this compound could not be formed in the reaction of Cl, 
and water with an alkene. Compound B could be formed by such a reaction, however, 
because the —OH group is at a carbon with more alkyl substituents than the —CI. 
Don’t forget that the carbons of the ring are alkyl groups even though they are part of 
the ring structure. 


PROBLEMS EN a : > a. 3 
| PROBLEMS | 5.2 Give the products, and the mechanisms for their formation, when 2-methyl-I-hexene reacts 
with each of the following reagents. X 


(a) Brain Н,О (b) Br, 
(c) iodine azide (I—N,) (Hinr: See Problem 5.1a.) 

5.3 Give the structure of the alkene that could be used as a starting material to form chlorohydrin 
B in Study Problem 5.1. 


5.4 The bromine atom in the bromonium ion in Eq. 5.13 (p. 183) has a positive formal charge. 
Why can't this bromine undergo a Lewis acid—base association reaction with a nucleophile? 
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WRITING ORGANIC REACTIONS 


Аз We continue with eur study of organie reactions, sve H use a few widely adopted conven- 
lions for wring reactions; To avoid confusion. its 1mpoertant to be aware ol these. 

The most thorough way lo write a reaction Is to use a complete, balanced equation. Equa- 
tions 5.8 and 5,9 on p. 181 are examples of balanced equations, Other information, such as the 
reaction conditions, is sometimes meluded imn equations; For example. in Eq. 3.8 the solvent is 
written under the arrow. even though the solvent is not an actual reactant. Catalysts are also 
written over the arrow. For example, in the following equation. the Н.О? written over the 
ипм mdicates that an acid catalyst is required (Seg, 4L 9B 1. 


catalyst is written 
over the arrow 


НС CH; 
ИШИ е ТКЫ ИГ : 
C—CH. Ha ———- | H,.U—C— CH (3.171 
/ | 
п. ОН 


We сал also teil reactants from catalysts because a catalyst is not consumed in the reaction, 

Equation 5.9 on p. 181 includes a percentage vield, which ts the percentage of the theoret- 
ical amount of product formed that has actually been isolated from the reaction mixture by à 
chemist in the laboratory. Although different chemists might obtain somewhat different yields 
in the same reaction, the percentage yield vives a rough niea ot how free the reaction is from 
cantaminaung by-products and how easily the praduel can be poked trom the reaction mix- 
ture. Thus. a reaction 24 + А — > 3€ * D should give three males of € Tor every one of B and 
[уо of d used (assuming that one of these reactants is not present in excess. A 90% yield o£ C 
means (hat 2.7 moles of C were actimidf/y isolated under these conditions. The 10%) loss may 
have heen due to separation difficulties: small amounts of by-products. or other reasons, Most 
of the reactions given inthis book are actual laborator examples: the percentage yield Heures 
included in many of these reactions are not meant to be learned, but are given simply io indi- 
cate how successful a reaction üctually (s in practice. 

Here's à comention for writing reactions that sou particidariy need to understand. In many 
cases, organic chemists abbreviate reactions by showing only the organe starting materials 
and the major organie preducisi. The other reactants and conditions are written over the 
arrow. Thus, Hu. 5.8 might have been written 

CH,CH=CHCH, aa CH;CH—CHCH, (5.18) 
Dr Br 


This “shorthand” was of writing organe reactions ts frequentiy used because it saves space 
and time. When equations are written this way, by-products are not given and, in many cases, 
the equation is not balanced. This shorthand can present ambicuities for the beginner (and 
Sometimes For Ihe expertenced chemust as welll}. [s the item writen over (he arrow a reactant, 
а catalyst, a solvent, or something else? In Eq. 5:18 we know that Br. is à reactant because it 
i» consumed in the reaction, The СНС is a solvent, not a catalyst, and it is indicated because 
bromine addition is nob carried eut in "nea (hat is; undiluted) bromine. You'll become ti- 
milhar with the common organic solvents as sou move through the text, 

To uvoid such ambiguities. well present most reactions in this text initially im balanced 
torm (when the balanced form is Комп, We'll also label catalysts and solvents at their rs 
occurrence. This should help to clants the roles ot the various reaction components when ab- 
breviated forms of the sume reactions are used subsequenth. 
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CONVERSION OF ALKENES INTO ALCOHOLS 


Although the hydration of alkenes (Sec. 4.08 bis used industrially for the preparation of par- 
пешат dleohols, itis rarely used for the laboratory preparation of alcohols; This section pre- 
sens pvo reaction sequences that are especiali useful in the laboratory [or the conversion of 
alkenes into сойо. These о sequences are complementary because they occur with oppo- 


sile resroseleclivities, 


A. Oxymercuration-Reduction of Alkenes 


Oxymercuration of Alkenes In oxymercuration, alkenes react with mercuric acetate in 
aqueeus solution to eive addition products in which an — HeOAc tacetox vmercuri) group and 
an ОП (hydroxy) group derived from water pase added to the double bond. 


CIBCH;CH;CH.— CH=CH; + AcO—Hg—UAc + HOH — rra 


РА sulvent: 
]-hexene mercuric acetate 


CIECIBCE-CIH.— CH. CH. + HOÀc 18.1% 
Rr uU 
OH  H&OA. acetic 
i acid 
HSE, viel І 


The —OAc tor AcO J abbrestations were discussed when oss mercuration was introduced 
(Eq. 5.2. p. 0793. The solvent ts ritten under the arrow m Eq. 35.19) i8 a mixture of water and 


THE ttetrahwdrofuran), à widely used ether. 


tetrahydrofuran, or THE 


THIF is an important solvent because among other properties? it dissolves both water and 
тапу water-insoluble organic compounds, Thus, its role in oxs mercuration is to dissolve БОШ 
the alkene and the aqueous mercuric acetate solution. (Reeall that alkenes are not soluble in 
water alone: See. 4.4.) Water is required as both a reactant. as shown in Ey. 5.19, and as a sol- 
vent lor the mercuric acetate, 

The oxymereuration reaction bears a close resemblance to halohydrin formation, which 
was discussed in the previous section. The first step of the reaction mechanism involves the 
Formation of a eyele ion called а лел ion: 


+ 
aa Hg ОА 
STUDY GUIDE LINK 5.1 - £ E E 
Transition Elements RSC Sills + Steely age HO—LII—LID CODE (5.2013 
and the Electron- se ™ 
Counting Rules a nereurinium on 


(Contrast this equation with Eq. 5. [Oa [or the formation of a bromoniunm ion.) As in bromine 
addition, we can dissect this reaction into two fretitieus mechanistic steps lo see its relation- 
ship to other addition reactions: 
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4 
—iHg— OAc (т Ас 
"di b liz CoU 


XE P ЕА N pubes 

| R 68—61. OAc ЗЛО 
(Contrast this equation with Eq. 5.14, p. 182.) This mechanism conceptualizes the reaction as 
the donation of the alkene 7 electrons to the Hg electrophile lo give à carbocation (step 1) 
Which then undergoes a Lewis acid-base association reaction with an unshared electron pair 
on the neighboring mercury to give the evelie jon (step Zi. 

Like bromine addition. oxymercuration does not invelve carhocations because carbocalion 
rearrangements are not observed, (Stereochemical evidence that we ll discuss in Chapter 7 
also supports the absence ot earhocation intermediates.) Consequently, the mechanism can be 
view ed as а one-step process that consolidates the two steps of Eq. 3.206 inte one: 


^ 
Но — UA: + 
f г Нр OAC 
ri x 


R—CH-CIH, = RCH CH: ÜA: (5.200) 


This equation is analogous to Eq. 5.12 (p. 183) for bromonium ton formation, 
Just as the bromomum ton in Ey. 5. lAa reacts with the solvent water, which is present in 
large excess, the mereurinium ion also reacts with the solvent water: 


T + 
СИР -OAc Hg — OA 
ZON | 
:OH OH 
4- 


Of the two carbons in the ring. the reaction of water occurs at the carbon with the greater num- 
ber of alkyl substituents, just as in the reaction of water with a bromonium ion (Eq. 5.16). A 
difference between oxvmercuration ang halohydrin formation, however, is the degree of re- 
gloselecuvity. In oxymercuration, the reaction of water occurs almost exclusively at the car- 
bon with more alkyl substituents, even if that carbon has oniy ene alkyt substituent (as in Eg, 
5.200). This means that, of the two earbon-mercurs bonds in the mercurinium ion, the bond 
to the more branched carbon is considerably weaker. (Recall that in halohydrin formation. the 
reaction is highly regioselective only if one of the alkene carbons has nvo alkyl branches. } 
The addition ts completed by the transfer of à proton to the acetate ion formed in Eq. 5.202. 


Hu — Orc Hg — ONU 
R— i1 — tli, ——- |—{]1——С11- i R= OAc 5.0. } 
+ oy ND | | : 
С —H (АС ОҢ vA 176 
|| acetate ton 


p K 


The nA, values show that the equilibrium of this last Bronsted acid. base step lies far to the 
righi. 
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Conversion of Oxymercuration Adducts into Alcohols Oxymercuration ts useful he- 
cause Их products are едй converted into uleohols by treatment with the reducing agent 
sodium borohydride NaBH p in the presence of aqueous NaOH. 


ACHACH CH-CEL—CH—CH. -HgQAc + 40H7^ + NaBH, эж 2h 
| sodium 
on borohydride 
ФСН СИ СИ — CH; : Nat RODT + 4Hg'l 1 4AcO7 
OH 


We won't consider the mechanism of this reaction. The kes thing te notice is its outcome: the 
carbon-mercury bond is replaced bs à carbon-hydrogen bond teolor in Eq. 5.313. The ox ymer- 
curation adducts are usually not isolated. bui are treated direcils with a basie «ипол of NaBH, 
in the same reaction vessel. 

The oaymercuration and NaBH, reactions, when used sequentially, ure referred to collec- 
tively as the oxymercuration-reduction of an alkene. (The general classifeation of reactions 
as oxidations or reductions is discussed in See. 10,5.) The overall result of oxymereuration-re- 
duction Is the лет addition of the elements of water (H and OH) to an alkene double bond in a 
hishly regiosefecrve manner: the — OH group is added to the more branched carbon of tie 
deube bond. Here s the overall sequence applied te i-hexene мел in shorthand style. The 
numbers above and below the arrow mean that bio steps are carried eut £g sequence: that is, 
first, the alkene is allowed to react with He OAc p and Н.О, and ren, m ü separate step, agtig- 


ous МАН and NaOH are added. 


ШААКЕ 


CIECIECH.CID CH=CH. Nabe 


CHCH ACPA H “orl Gah (5.22) 


| 
OF 


Iih Ha \ whl | 


Writing consecutive reactions in this manner can save lots of ume and space. However i you 
use this shorthand, be sure te number the reactions, W the numbers were left oif. a reader 
might think that all of the reagents were added at once. Adding the reagents for both steps al 
the sume time would нен give the desired product? 

Oxvmercuration-reduction gives the sume overall transformation as the hydration reaction 
(Sec. 4,9B. However oxvmercuration reduction is much more convenient to run on a labo- 
ratory scale than alkene hydration, and it is [ree of rearrangements and other side reactions 
that are encountered in. hydration. because carbocation intermediates. are nob involved. in 
oxymercuration. For example. the alkene in the following equation. gives products derived 
from earbecation rearrangement when in undergoes hyvdratton (Problem 4.348, p. 171 y. How- 
ever. no rearrangements are observed in oxs mereuration-reduction: 

|1] А, |] 4% 


| | А ‚ з NaBH m | | | 
EIRE C Cit Oe о) 


Cr 
г vekk nete lack 


el COTA ee eit] 


The absence af rearrangements is one reason that mereurimum toms. rather than carbocations, 
are thought to be the reactive intermediates 3n oxvmereuratieon, 
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ына 5.5 Give the products expected when each of the following alkenes is subjected to 


oxymercuration-reduction. 
(a) 2-methyl-2-pentene (Б) cyclohexene (€) trans-4-methyl-2-pentene — (d) cis-3-hexene 
5.6 Contrast the products expected when 3-methyl-1-hutene undergoes (a) acid-catalyzed hydra- 
tion or (b) oxymercuration-reduction. Explain any differences. 
5.7 What alkenes would give each of the following aicohols as the major (or only) product as a re- 
sult of oxymercuration—reduction? 
0H 


OH 


Laboratory Use of Mercury and Other Toxic Reagents 


Mercury is a very toxic element because it can be converted in the environment into methylmercury, 
CH,Hg, which can accumulate in the fatty tissues of animals such as fish. Ingestion of methylmercury 
leads to neurotoxicity. The oxymercuration-reduction reaction sequence illustrates the point that 
chemists use a significant number of highly toxic reagents. Three issues surround the toxicity of 
chemical reagents. The first is the knowledge that they are toxic. Chemists are provided with a Mate- 
rial Safety Data Sheet (MSDS) that describes the known hazards of each reagent that they purchase, 
and most MSDSs are readily available on the web. The second issue ts the safe handling of toxic or 
dangerous reagents in the laboratory. Part of a scientist's laboratory training is to become familiar 
with common laboratory hazards and to learn how they can be avoided or confronted safely. For ex- 
ample, if vou are taking a laboratory course, you undoubtedly are required to wear safety glasses. 
The third issue is protection of the environment. Significant advances have been made in environ- 
mental protection, and there is a now a significant emphasis on developing "green" chemistry—that 
is, environmentally friendly chemical processes. Does this mean that а chemist must avoid the use of 
dangerous or environmentally unfriendly reagents? Certainly not. The issue is to use them safely and 
to dispose of them properly. To take oxymercuration-reduction as an example, the ultimate mer- 
cury-containing product of the reaction (Eq. 5.21) is metallic mercury. This can be collected and re- 
cycled. Although most chemists would avoid the use of mercury where possible—for example, re- 
placing mercury-containing thermometers in laboratories—sometimes there simply is no 
alternative. Oxymercuration-reduction is such an effective reaction that it is attractive despite the 
inconvenience of proper mercury recycling. 


B. Hydroboration-Oxidation of Alkenes 


Conversion of Alkenes into Organoboranes Вогапе (BH,) adds regioselectively to 
alkenes so that the boron becomes bonded to the carbon of the double bond with fewer alkyl 
substituents, and the hydrogen becomes bonded to the carbon with more alkyl substituents: 


Н.С CH, 

\ 

C=CH, + H— bH. ж H,C—C—CH, (5.24a) 
НС һогапе H BH 
2-methylpropene isobutylborane 


Because borane has three B—H bonds, one borane molecule can add to three alkene mole- 
cules. The first of these additions to 2-methylpropene is shown in Eq. 5.24a. The second and 
third additions are as follows: 
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Second addition: 


" 
HG С СН, 
H;C CH; 
H 
j H 
HC H B—H | 
2-methylpropene |, SI г>: 
CH; 
(fram Eq, 5.24а) 
diisobutylborane 
Third addition: 
CH; CH; 
HC | | | CH; HC 
x H Н 
C=CH: + D =E H—CH.—C-—CH, ог CH — CH; Е 
Н H | gr 
HC | | H 1 H 1 /3 
2-methylpropene | | triisobutylborane 
CH; CH; (a trialkvlborane) 
(from Eq. 5.24b) (5.246) 


The addition of BH, is called hydroboration. The hydroboration product of an alkene is a rri- 
alkviborane, such as the trusobutylborane shown in Eq. 5.24c. 


Borane and Diborane 

Borane actually exists as a toxic, colorless gas called diborane, which has the formula B;H,. Because 
borane is an electron-deficient Lewis acid, the boron has a strong tendency to acquire an addi- 
tional electron pair. This tendency is satisfied by the formation of diborane, in which two hydrogens 
are shared between the two borons in unusual "half bonds." This bonding can be depicted with 
resonance structures: 


p и di 
м SENE gr me RR 
(5.25) 


When dissolved in an ether solvent, diborane dissociates to form a borane-ether complex. Because 
ethers are Lewis bases, they can satisfy the electron deficiency at boron: 


R 
x 7 
ВН, + 2R—O—R => 298—0: (5.26) 
ап ether R 


borane-ether complex 
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The faliowing ethers are commonly used as solvents in the hydroboration reaction: 


b.) 


CH; —O — СН, О 
diethyl ether tetrahydrofuran 
(THF) 


CH; —CH;CH; — O —CH3;CH;— OCH; 
diethylene glycol dimethyl ether 
(diglyme] 
Borane-ether complexes are the actual reagents involved in hydroboration reactions. For simplicity, 
the simple formula BH, often is used for borane. 


We can relate The mechanism of hyaroboration to the mechianmsims ef other electrophilic ad- 
ditions hs viewing iL also as a fictitious Iiosstep process. In the first step. the alkene m elec- 
trons are donated to the boron in a Lewis acid-base association reaction, [n the second step. 
the hydrogen with an electron pair (a һун Ме derived [rom the B—H bond undergoes à sev- 
ond Lewis acid-base assoctanion with the carbocation electrophile. 


E A. H- BH. H BH. 
. J Ј . step | _ d | ^ vr e : < J 
НСИ. — 9 (CHO CLL, — 9 CHIC 7 CH. TAFE 


This fictitious mechanism accounts for the regioselectivity of By droboranion—that is; why the 
boron reacts at the carbon with fewer alkyi substituents. However. this reaction is believe to 
occur in a single Mechanistic step because carbocation rearrangements aee not observed and 
heeause of siereochemical ex idence we Il consider in €hapter 7. 


Н Ви. 11 BH. 
та | 
; T DM : | i 
А reaction that occurs, like this one. in a single step without intermediates ts said to occur һу 
a concerted mechanism because evervihing happens "in concert” or sumultaneousl. Despite 
the evidence against carbocations. the concerted mechanism is consistent with the regioselec- 
lix ity of the reaction only if some degree of electron defieienes às built up on the terliars var- 
bon in the transition state of the reaction. [Us as if the carbocation in Гар 5.27 1s a transition 
Мше rather than an actual intermediate: 


Kk ==. 
transition state far hydrobaration 


Just as ШКА | substitution at the elecetrenadetieient carbon stabilizes a carbocation, alks | substi- 
шоп a раға electron-deficienm carbon stabilizes a transition state. Thus. hsilreboration 
occurs with the regiosciectivity that places partial positive charge on the carbon with more 
alkyl substituents, 


„4 CONVERSION OF ALKENES INTO ALCOHOLS 193 


Conversion of Organoboranes into Alcohols The utility of hydroboration Bes in the 
muy reaettens of or eanoboranes themselves. One of the mast important reactions of organob- 
oranes is Their conversion into aleoliols with hydrogen peroxide (HO. amd aqueous NaOH. 


ER! 11:4 
CHACH Bo: ЗО + Oll — 3 CH €CH.—OH - (ОЮН, 43:29] 
Е /^ | 
21-2 hydrogen EES 
peroxide 
triisobutvlborane 2-methyi- I-propanol 


(isobutyl alcohol! 
ШЕШ \ TUE 


about this transformation ts Hie replacement of the poron hy an OH in each аа grop. The 
Further Exploration 5.1 oxseen of the — OH group comes fram the Н.О). 

мена! Typically. the organoborane product of hydroboration is not isolated. but is treated directly 
Organoborane d c = | | І ui е | . 
Oxidation with alkaline hydrogen peroxide lo give an alcohol. The addon of borane and subsequent re- 

actin with HO. taken together. are referred to as hydreboratien-oxidation. 
lt we trace the fate of an alkene through the entire hyatroboration-oxidation sequence, we 
tind that the нег result is addition of the elements of water (A. OH! to Ше double bond in a re- 
gioseleciise manner so thi 


4 (The mechanistic details are given tn Further Explorauon 5.1.) The important thing to notice 
— 


up ab the carbon of die double bond with the 
Wider aber of «КА substituents (blue in Eq. 3.30), Меге is the hydroboration oxidation 
af 2-meuis 1-1 -butene writen m our reaction shorthand. wotee again the numbered steps; Step 
Pas the reagon of the alkene with borane. fier vi sep ds ceaplefe. a solution of hydrogen 
peroxide in aqueous NaH is added in step 2 


OH gors nere 


HEC. IES 
м H D BHL, 13H * TR Eu 
== Я i i i — 
$c а. 2) Hats TN n JH “es 


a - № - ii 
CHACIHSGN CH CH: 
H DOCS here г) YA yields 


Avdroboration-ovidation (s an effective wan to svifiesize certat alcohol from alkenes. M 
IS parpeulariy. useful to prepare aleohols of the general steueture R.CH— CH. OH or 
R—CH.—€CH.—OH. as in Eqs. 3.29 and 3.30) Because carbocations are not involved in ei- 
ther the hydroboration or the oxidation reaction. the асова products are not contaminated by 
constitutional isomers arising [rom rearrangements, 

The following example shows that the benzene ring does not reuet with BH, even though 
the ring apparently vontains double bonds: 


p m z cob. 
u Inr. | | Hh TO 2 РИТ 

- ex = Q0 СМ Пре MÀ Ta CH: OH 
CLL, CH; | CH 


2-phenyl-t-propano!] 


Әл vield i (5.31) 


This calls to mind а similar resistince of benzene rings to other addition reactions, stich as ciai- 
alvtie hydrogenation (See, 49A. The reasons for this resistance of benzene rings to addition 
reckons is discussed in Chapter 15. 
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H. C. Brown and Hydroboration 


Hydroboration was discovered accidentally in 1955 at Purdue University by Professor Herbert C. 
Brown (1912-2004) and his colleagues. Brown quickly realized its significance and in subsequent 
years carried out research demonstrating the versatility of organoboranes as intermediates in or- 
ganic synthesis. Brown called the chemistry of organoboranes "a vast unexplored continent." In 
1979, his research was recognized with the Nobel Prize in Chemistry, which he shared with another 
organic chemist, Georg Wittig (Sec. 19.13). 


PROBLEMS 5.8 Give the product(s) expected from the hydroboration-oxidation of each of the following 


alkenes. 
(a) 2-methyl-2-pentene  (b)cyclohexene (C) frans-4-methy!-2-pentene (d) cis-3-hexene 
5.9 Contrast the answers for Problem 5.8 with the answers for the corresponding parts of Prob- 
lem 5.5, p. 190. For which alkenes are the alcohol products the same? For which are they dif- 
ferent? Explain why the same alcohols are obtained in some cases and different ones are 
obtained in others. 
5.10 For each of the following cases, provide the structure of an alkene that would give the alco- 
hol as the major (or only) product of hydroboration-oxidation. 


(al (b) CH4CH,— CH — CH —OH 
— CH, OH | | 
CH; CH; 


Comparison of Methods for the Synthesis of Alcohols from Alkenes 


Let's now compare the different ways of preparing alcohols from alkenes. The /ivdration of 
alkenes is a useful industrial method for the preparation of a few alcohols, but it is not a good 
laboratory method (Sec. 4.9B). Indeed, many industrial methods for the preparation of organic 
compounds are not general. That is, an industrial method typically works well in the specific 
ease for which it was designed, but cannot necessarily be applied to other related cases. The 
reason is that the chemical industry has gone to great effort to work out conditions that are op- 
timal for the preparation of particular compounds of great commercial importance (such as 
ethanol) using reagents that are readily available and inexpensive (such as water and common 
inorganic acids). Although the industrial ethanol synthesis couid be duplicated in the labora- 
tory, there is no need to do so because ethanol is inexpensive and readily available from indus- 
trial sources. For laboratory work, it is impractical for chemists to design a specific procedure 
for each new compound. Thus, the development of general methods that work with a wide va- 
riety of compounds 15 important. Because laboratory synthesis is generally carried out on а 
relatively small scale, the expense of reagents is less of a concern. 

Hydroboration-oxidation and oxvmercuration-reduction are both general laboratory 
methods tor the preparation of alcohols from alkenes. That is, they can be applied successfully 
to a large variety of alkene starting materials. A choice between the two methods for a partic- 
ular alcohol usually hinges on the difference in their regioselectivities, As shown in the fol- 
lowing equation, hydroboration-oxidation gives an alcohol in which the —OH group has 
been added to the carbon of the double bond with the smaller number of alkyl substituents. 
Oxymercuration-reduction gives an alcohol in which the —OH group has been added to the 
carbon of the double bond with the greater number of alkvl substituents. 


STUDY GUIDE LINK 5.2 
How to Study 
Organic Reactions 


Study Problem 5.2 
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R—CH—CH,  oxymercuration-reduction 
net addition 
of H —4OH 


R— CH —CH; OH H 


R—CH-— CH;  hydroboration-oxidation 


H OH (5.31) 


For alkenes that yield the same alcohol by either method, such as alcohols with symmetrically 
located double bonds, the choice between the two ts in principle arbitrary. 


Which of the following alcohols could be prepared free of constitutional isomers by 

(a) hydroboration—oxidation, (b) oxymercuration-reduction, (c) either method, or (d) neither 
method? Explain your answers and give the structure of the alkene starting material for the cases 
in which a satisfactory synthesis is possible. 


OH OH OH 


| | | 
HO—CH;CH,CH,CH,CH,  CH,CHCH,CH,CH, CH,CH,CHCH,CH, СН,СН,СН,СНСН,СН, 


Á B C D 


Solution The steps to solving this problem are: (1) Draw the possible alkene starting materials. 
We should consider initially any alkene in which one carbon of the double bond is the one that 
bears the hydroxy group in the product. (2) Decide whether each reaction can be used on that 
starting material to give the desired alcohol and oniy that alcohol. 

To prepare A, the only possible alkene starting material is 1-pentene. 


? 
H,C—CHCH;CH,CH, ——» HO—CH;CH;CH;CH;CH,; 
I-pentene Á 
Hydroboration-oxidation has the correct regioselectivity to bring about this conversion, but 


oxymercuration-reduction does not. 

To prepare B, the possible alkene starting materials are | -pentene and cis- or trrans-2-pentene. 

jin 
t 
H;C—CHCH;CH,CH; or CH,;CH=CHCH,CH, —* CH,CHCH,CH,CH, 
]-pentene 2-pentene B 

Oxymercuration-reduction has the correct regiospecificity for the conversion of 1-pentene to B. 
However, the 2-pentenes would yield a mixture of B and C with either method. Hence, neither of 
the 2-pentenes is a satisfactory starting material. The issue is not whether the 2-pentenes would 
react; the issue is whether we would obtain a single constitutional isomer or a mixture of constitu- 
tional isomers. Remember also that the number of alkyl groups on each alkene carbon, not their 
size, determines regioselectivity. 

The (E)- and (Z)-2-pentenes are the only potential starting materials for C. 


i: 
CH;CH;CHCH;CH, c CH,CH-CHCH;CH; or CH;CH;CH-—CHCH, 


C the same compound: 2-pentene 
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As we just observed, neither method would yield a single compound with a 2-pentene as the start- 
ing alkene. Hence C cannot be prepared as a pure compound by either method. (Don't worry— 
there are other ways to make this alcohol!) 

Finally, the possible alkene starting materials for alcohol D are cis- or trans-2-hexene and cis- 
or trans-3-hexene 

al 
? 
CH;CH;CH;CH—CHCH; or CH,CH;CH—CHCH;,CH, —»-  CH;CH;CH;CHCH;CH; 
2-hexene 3-hexene D 

Because the double hond in 3-hexene is symmetrically located, either method in principle would 
give alcohol D as the only product. Hence, either stereoisomer of 3-hexene is a satisfactory start- 


ing material. However, the reaction of a 2-hexene would, like the reaction of a 2-pentene, give a 
mixture of constitutional isomers by either method. 


PROSEENOS 5.11 From what alkene and by which method would you prepare each of the following alcohols 
essentially free of constitutional isomers? 


(a (CG;H,,C—OH (Б) OH (c) 


5.12 Which of the following alkenes would yield the same alcohol from either oxymercuration— 
reduction or hydroboration-oxidation, and which would give different alcohols? Explain. 
(a) cis-2-butene (Б) 1-methylcyclohexene 


OZONOLYSIS OF ALKENES 


Ozone, O,, adds to alkenes at low temperature to yield an unstable compound called a moto- 
zonide. The molozonide is spontaneously transformed into a second adduct, called simply 
an ozonide. Both carbon-carbon bonds of the double bond are broken in the formation of the 


ozonide. 
HiC—CH-—CH —CH, + 579 .- = 
E Se ee i a CHCl 
ozone 
the double bonal 

" is broken 

"pe s on „ м 

‘Oe * “Os О-О: 

ЖЕ. ГА 

HiC—HC— СН —– СН —— H;C—HC. .. .CH—CH, (5.33) 
ny 


LE J 


a molozonide 
an ozonide 


The reaction of an alkene with ozone to yield products of double-bond cleavage is called 
ozonolysis. (The suffix -/vsis is used for describing bond-breaking processes. Examples are 
hydrolysis, "bond-breaking by water." thermolysis, "bond-breaking by heat.” and ozonolysis, 
"bond-breaking by ozone.") 


2 


Further Exploration 5 2 
Mechanism of 
Ozonalysis 
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Ozone and Its Preparation 


Ozone is a colorless gas that is formed in the stratosphere, the part of the atmosphere that lies about 
6-30 miles above the earth's surface, by the reaction of oxygen with short-wavelength ultraviolet ra- 
diation. it is very important in shielding the earth from tonger-wavelength "UV-B" radiation, which it 
absorbs, Although depletion of stratospheric ozone is a significant environmental concern, an in- 
crease in ozone near the earth's surface is also an environmental issue. This ozone, formed in complex 
reactions from nitrogen oxides and unburned hydrocarbons, is a significant contributor to smog. 
Ozone can be formed from the reaction of oxygen in electrical discharges. An atmospheric exam- 
ple is the formation of ozone in a thunderstorm by lightning. The laboratory preparation of ozone in- 
volves a similar reaction: 
electrical discharge 


305 20; 


Ozone is produced in the laboratory by passing oxygen through an electrical discharge in a com- 
mercial apparatus called an ozonator. Because ozone is unstable, it cannot be stored in gas cylinders 
and must be produced as itis needed. 


The first step in ozonolysis, Formation of the molozonide, is another addition reaction of the 
alkene т bond. The central oxygen of ozone is a positively charged electronegative atom and 
therefore strongly attracts electrons. The curved-arrow notation shows that this oxs een eun accept 
an electron pair when the other oxygen of the O-—2QO0 bond accepts 7 electrons from the alkene. 


CO Ó 


Q^ + Gr т da 
Co \ 7 
ПАС ИС 2 CH— CH, —> НС HC—CH— UH, (534, 


This reaction results in the formation of a ring because the three oxygens of the ozone mole- 
cule remain intact. Additions that eive rings are called сеооа, Furthermore. the os - 
cloaddition of ozone occurs in a single мер. Hence, this is another example. like hydrobora- 
поп. of a cencerted mechanisi. 

The molozontide eveloaddition product is unstable, and spontaneously forms the олоо, 
In this reaction, the remaining carbon-carbon bond of ihe alkene ts broken. (The mechanistic 
details are given in Further Exploration 3.2.) 


20 
C) O 
\ | 0. 
llii — 1402 — CT — tH, — СИС CFI — CH, [5.351 
molozonide ) 
С7— 0) 
ovunidde 


A few daring chemists have made careers out of isolating and studying the highly explosive 
azonides, [n most cases, however, the ozonides are treated further without isolation to give 
other compounds. Ozonides ean be converted into aldehydes. ketones. or carboxylic acids, de- 
pending on the structure of the alkene starting material and the reaction conditions, When the 
ozonide is treated with dimeths | sulfide. (CHS. the ozonide ts split: 


() АР uen 


„7 TL. : ao e š ; ; ; : 
HC Te CH— CH. ~ H£C—8— CH — 2EBC—CIEL—O + 15—01 (лө 


\ / | Fi 
(--0 dimethyl sulfide an aldehyde CH. 
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The net transformation resulting from the ozonolysis of an alkene followed by dimethyl sul- 
= | 1 4 С / C—O 
Further Exploration 5.3 fide treatment 15 the replacement of a E: group by two / =) groups: 
Mechanism of 
Ozonide Conversion "2 
into Carbonyl the double bond is 
Compounds completely broken 
110; 
е E 2) (CH3)2$ i 
H;C—CH-—CH —CH;  ———» H;C—CH—O + O—CH— CH; (5.37) 


0 


= О here О = here 


If the two ends of the double bond are identical, as in Eq. 5,37, then two equivalents of the 
same product are formed. If the two ends of the alkene are different, then a mixture of two dif- 
ferent products is obtained: 


О 1Н;}55 T 
саз» ES QCHQ4CH)H-O0 + OSCH. (538 


heptanal formaldehyde 


(75% yield) 


If a carbon of the double bond in the starting alkene bears a hydrogen, then an aldehyde is 


formed, as in Eqs. 5.37 and 5.38. In contrast, if a carbon of the double bond bears no hydro- 
gens, Шеп a ketone is formed instead: 
HC H 11 0; HiC H 
N : J 2) (CH3)s5 Р 
C=C. (=0 + О==(; (5.39) 
P uie М / \ 
НС CH; HiC CH; 
a ketone an aldehyde 


If the ozonide is simply treated with water, hydrogen peroxide (H,O,) is formed as a 
by-produet. Under these conditions (or if hydrogen peroxide is added specifically), aldehydes 
are converted into carboxylic acids, but ketones are unaffected. Hence, the alkene in Eq. 5.39 
would react as follows: 


НС Н 1103 H;C OH 
esi ECL a UN C=0 + О==‹ { (5,40) 
np CH; HaC CH, 
a ketone a carboxylic acid 


The different results obtained in ozonolysis are summarized in Table 5.1. 
If the structures of its ozonolysis products are known, then the structure of an unknown 
alkene can be deduced. This idea is illustrated in Study Problem 5.3. 


Study Problem 5.3 


Alkene X of unknown structure gives the Following products after treatment with ozone followed 


by aqueous H,0.: 


1 
[ +o and HO—-C—CH,CH, 


propionic acid 
cyclopentanone 


What is the structure of X? 
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Solution The structure of the alkene can be deduced by mentally reversing the ozonoly- 
sis reaction. To do this, rewrite the C—O double bonds as “dangling” double bonds by 
dropping the oxygen: 


| | | 


Next, replace the HO— group of any carboxylic acid fragments with H—. This is done because а 
carboxylic acid 1s formed only when there is a hydrogen on the carbon of the double bond (see 
Table 5.1). 


О 


| 
НО © amei; "== ШЕ с Сеа, 


Finally, connect the dangling ends of the double bonds in the two partial structures to generate the 
structure of the alkene: 


| CH;CH, 
| / connect | y г 
oS: H—C—CH,CH, с> л? 
| H 


alkene structure 


PADRE SEN Summary of Ozonolysis Results Under Different Conditions 


Conditions of ozonolysis 


Alkene carbon O,, then (CH,),5 0,,then H,0,/H,O 
R R 
\ \ 
С = ш. P. =0 
R R 
ketone ketone 
R i 
C= C—O С==0 
/ 
Н HO 
aldehyde carboxylic acid 
D М 
/ / 
Н HO 


formaldehyde formic acid 
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PROBLE i " | , 
5.13. Give the products (if any) expected from the treatment of each of the following compounds 
with ozone followed by dimethyl sulfide. 


(ai 3-methyl-2 pentene (b) 
Com 


(c) cyclooctene (0) 2-methylpentane 

5.14 Give the products (if any) expected when the compounds in Problem 5,13 are treated with 
ozone followed by aqueous hydrogen peroxide. 

5.15 In each case, give the structure of an eight-carbon alkene that would yield each of the 
following compounds (and no others) after treatment with ozone followed by dimethyl sulfide. 
(a) Q (b CH,CH,CH,CH-O {c} О 


O—CH(CH;);C— ЄН, 


О 


1 


5.16 What aspect of alkene structure cannot be determined by ozonolysis? 


FREE-RADICAL ADDITION OF HYDROGEN 
BROMIDE TO ALKENES 


A. The Peroxide Effect 


Recall that addition of HBr to alkenes is a regioselective reaction in which the bromine is 
directed to the carbon of a double bond with the greater number of alkyl groups (Sec. 4.7A). 
For example, l-pentene reacts with HBr to give almost exclusively 2-bromopentane: 


CH,CH,CH;CH=CH, + НВг ——» тыйт а (5.41) 


| -pentene 
Р Br 


2-bromopentane 
(79% yield) 


For many years, results such as this were at times difficult to reproduce. Some investigators 
found that the addition of HBr was a highly regioselective reaction, as shown in Eg. 5.41. Oth- 
ers, however, obtained mixtures of constitutional isomers in which the second isomer had 
bromine bound at the carbon of the double bond with fewer alkyl groups. In the late 19205, Mor- 
ris Kharasch (1895—1957) of the University of Chicago began investigations that led to a solu- 
поп of this puzzle. He found that when traces of peroxides (compounds of the general structure. 
R—O—O—R) are added to the reaction mixture, the regioselectivity of HBr addition is re- 
versed! In other words, l-pentene was found to react in the presence of peroxides so that the 
bromine adds to the /ess branched carbon of the double bond: 


| | 
Ph—C—0—0—C —Fh 
benzoyl peroxide 
(small amount used) 


CH;CH,CH,CH-—CH, + H— Br CH4CH;CH,CH,CH,— Вг (5.42) 
l-pentene I-bromopentane 
(9696 vield) 
(Contrast this result with that in Eq. 5.41.) This reversal of regioselectivity in HBr addition is 
called the peroxide effect. 
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Because the resioselevtis ity of ordinary HBr addition is described by Аадк s rfe up. 18k the 
pero ide-premoted addition b sometimes wiid to have aiti Moarkoviikev reeioselectivits, This means 
simpli ghat the Мал ts directed to the carbon of the alkene double bond with fewer alkyl suh- 
SELLA, 


Jt was also Found that light further promotes the peroxide effect When Kharaseh and his 
colleagues scrupulousls excluded peroxides and light from the reaction. they found that HBr 
addition has the "normal" reetoselectivity shown in Ea. 0:4. 

The peroxide effect is obsersed with all alkenes in which alkyl] substitution at the bo var- 
hons ot the doubde Pond is dithcrent. In other words. in ie presence of perexides, e стол 
of HBr po alkenes oveirs sich that the hydrogen is beamed te the carbon ef he double репа 
bearing the greater inmiber of alkvi чиритет. Furthermore, the peroxide-pramoted reae- 
tion is Faster than HBr addition in the the absence of perosides. Vers small amounts of perox- 
des are required to bring about this eltect. 

[aC 


Hir 
perexáles 


CH — CH. — Bi 


{л 431 


Br 


The regioselectivity of HI or HEI addition to alkenes is aer alleeted bs the presence ot per- 
oxides, For these hydrogen halides. the normal regioselecuvity of аот predominates, 
whether peroxides are present or not (The reason for this difference is discussed in Sec. 5.6L} 

The addition er HBr 1e alkenes in the presence id peroxides occurs by a mechanism that is 
completely different from that for normal addition. This mechanism involves reactive mierne- 
diates know n as free radicals. To appreciate the reasons for the peroxide effect, then, let's di- 
gress and learn seme basie facts about [ree radicals, 


Free Radicals and the "Fishhook" Notation 


In all reactions vonsnlered. prexiousls. we used a curved-arrow: notation that indicates. the 
movement of electrons in pairs; The dissociation of HBr, for example. is written 


l--Br ——» H* Be (5.44 


In this reaction, bromine takes Peri electrons of the H— Br covalent bond to give а bromide 
won. and the hydrogen hecames an electron-deticient species. the proton, This tpe of bond 
breaking is an example of a белл, or Веллер cleavage (hetero — differents {yar — 
hond-hreaking s. [n a heteroblytie process, electrons involved in the process "move un pairs. 
Thus. a heterelysis is a bond-breaking process thal occurs with electrons “moving” m pairs. 

However. hond rupture can eccur in another way. An electron-pair bond may also break so 
thar each bonding partner takes one electron of the ehemieal bond, 


П Br: — II ++: 15,19) 
In this process. а hydrogen erem and a bromine erem are produced. As you should verity. these 


atoms are uncharged. This is pe of bond breaking is an example of a Jimofesis, or Леру 
cleavage (homo - the same: /vsis = hond-breaking). In a homolytie process, electrons im oled 
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in the process "move" in an unpaired way. Thus, a homolysis is a bond-breaking process that oc- 
curs with electrons moving in an unpaired fashion. 

A different curved-arrow notation is used for homolytic processes. In this notation, called the 
fishhook notation, electrons move individually rather than in patrs. This type of electron flow 
is represented with singly barbed arrows, or fishhooks: one fishhook is used for each electron: 


Fh, wa 
H— Br: —* Не «Br (5.46) 


Homolytic bond cleavage is not restricted to diatomic molecules. For example, peroxides, 
because of their very weak O—O bonds, are prone to undergo homolytic cleavage: 


öö 


(GHA,C— —C(CH;); ——* 2(CH;);C—O- (5.47) 
— PERSA tert-butoxy radical 


The fragments on the right side of this equation possess unpaired electrons. Any species with 
at least one unpaired electron is called a free radical. The hydrogen atom and the bromine atom 
on the right side of Eq. 5.46. as well as the fert-butoxy radical on the right side of Eq. 5.47, are 
all examples of free radicals. 


Radicals Bound and Free 


The “R” used in the R-group notation (Sec. 2.9B) comes from the word radical. In the mid- 1900s, R 
groups were called "radicals." Thus, the CH, group in CH,CH;,OH might have been referred to as the 
"methyl radical." Such R groups, when not bonded to anything, were then said to be "free radicals." 
Thus, ‘CH, was said to be the"methyl free radical." Nowadays we simply use the word group to refer 
to a group of atoms (for example, methyl group) in a compound; we reserve the word radical for a 
species with an unpaired electron. 


PROBLEMS 
5.17 Draw the Heres of each of the following transformations shown by the Bshhook notation. 


(аз (Сн)  C(CH), — (Ы i 
(CH, S CH;" =. 


тетте 


(d) Ro CHS CHS — 
5.18 Indicate whether each of the following reactions is homolytic or heterolytic, and tell how you 
know. Write the appropriate fishhook or curved-arrow notation for each. 
(a) НО ——= H* + “OH 
(b CH.CH,OH + CH;Q: ——* CH;CHOH + CH;ÓH 


Free-Radical Chain Reactions 


Although a few stable free radicals are known, most free radicals are very reactive. When they 
are generated in chemical reactions, they generally behave as reactive intermediates—that is, 
they react before they can accumulate in signihcant amounts. This section shows how free rad- 
icals are involved as reactive intermediates in the peroxide-promoted addition of HBr to 
alkenes. This discussion will provide the basis for a general understanding of free-radical re- 
actions, as well as the peroxide effect in HBr addition, which is the subject of the next section. 


5 5 FREF-RADICAL ADDITION ОЕ HYDROGEN BROMIDE TO ALKENES 203 


The vast preponderance of [ree-radical reactions can be ckassified as free-radical chain re- 
actions. A free-radical chain reaction involves free-radical intermediates and consists of the 
following fundamental reaction steps: 


пинанеон SILT, 
, propaeutton steps. and 


a dp = 


J REPAGON Мер. 


Lets examine cach of these steps using the perexide-promoted addition of HBr to alkenes as 
an example ot atypical free-radical reaction. (The reason for the “chain reaction terminologs 
will become apparent) 


initiation In the initiation steps, the free radicals that lake part in subsequent steps of the 
reaction are formed from a free-radical initiator, which is à molecule that undergoes homol- 
ysis with particular ease. The imitator is in effect the source of free radicals. Peroxides. such 
ах di-fev7-buty] peroxide. are frequentiv used as free-radical initiators. The tirst initiation step 
in the free-radical addition of HBr 10 an alkene is the homolysis of the peroxide. 


| ИТ - 
[lb oO? o € АСМА жасаа at DO (5.48) 
di-tert-butyi peroxide fert-butoxy radical 


Although most peroxides can servie as Iree-radieal initiators. a notable exception is hissdrosen perox- 
ile CHa. wha hos eor commoniv used as a seuree ef imiating dree radicals. The reason rs that the 
OQ —O bond in bydrowen peroxide is eomsgilerabls stronger than the O—€O bonds in most other per- 
oxides amd is therefore harder to break homol teal. The eleisage of erganeboranes by hydrogen 
peroxide tthe oxidation part of hysroboration. exidatioenz Ey. 5.29. р, 193318 по a dree-radical rear- 
поп, Усе Further Exploration 5.1.) 


Peroxules are not the only source of tree-radical вимог, Another widely used mitiator is 


aZorsobuts romtrile; Known by the accom m AIBN. This substance readily forms free radicals 
Decause the vers stable molecule dinitrogen is liberated as à result of homolytic cleavage: 


ne ~ CH, 
мс CO ММС o» CNU—(0 + INEN: EROT 
a i, CH, CH: nitrogen molecule 


(dinitrogen) 


azoisobutyronitrile (AIBN) 


Sometimes heat or Ии initiates a free-radical reactian. This usually happens because the 
additional energy. promotes homolysis of the [ree-radieal mititor—or. in some cases. the 
reactants themselves — into free radicals. 

fhe effects of initiaters provide sei ie of hie best ciues thui à reaction occurs by ad fret- 
radical mechani, H a reaction occurs in the presence of a known free-radical mitiator burt 
does nol oceur in iis abseneec, we ean be anty certain that the reaction involves free-radical im- 
termediates. (Recall from See. 5.6А that Morris Khurasch proved that the change in rg- 
Hospeciticity of HBr addition requires peroxides. This is the type of evidence that we now 
lake to be strongly indicative of free-radical mechanisms. } 

A second initiation step oceurs in the free-radical addition of HBr to alkenes: the removal 
ofa hydrogen atom from HBr by the fert-butoxy free radical that was formed in the first initi- 
ation step (Eg. 5.48). 


СО H> Br: — (CIC OH + + Br: 15.50) 


= 
rom Eg. 2:481 
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This ts an example of another common type of Iree-radical process. called erem ebstrectron. 
in an atom abstraction reaction, a free radical removes an atom from another miedecule. and i 
new [ree radical is formed (Br: tn Eq. 5.504. The broming atom is involved in the next phase 
of the reaction: the propagation steps, 


Propagation Steps Inthe propagation seps of a free-radical chain reaction, starting ma- 
terials are consumed. products are formed. and no пег consumption or destruction of [ree radi- 
cab occurs, Furthermore. the free-radical hs -produet of one propagation step serves as a slarl- 
ine material for another. 

The first propagation step of free-radical addition of HBr to an alkene is the reaction ef the 
bromine atom generated in Eq. 5.50 with the zr bond. 


k—UH-UH—R— ВСН iH -R КАЛЕТ 
E > 
"a 
| Вг: 


Mer: 


Reaction. ef a free radical with a carbon-curbui m ford is another common. process 
encountered in free-rudigal chemistry; The m bond reacts rather than à er bond because vur- 
ben-carbon z bonds are weaker than carbon-varbon er Bonds. 

The second propagation step is another ates abistracetron reactor: removal of a hydrogen 
atom fram HBr by the free-radical product ot Eq. 5.5 la to uive the addition product and a new 
bromine atem. 


R—CH—CH -R — R—CH—CH—R -Br (Ibi 
d 
Ж Br Н Br 

aT 

Br—H 


The bromine atom. in turn. can react With another molecule of alkene (Ey. 35.5 la). and this can 
be followed hs the generation of another molecule of product along with another bromine 
atom tEq. 5.51by, We can now see the basis ofthe term choin кечесен. These Wo propagation 
steps continue in a chainlike fashion until the reactants are consumed, That is, tbe product free 
radical of one propagation step becomes the starting free radical for the next propagation step. 
Far each “link in the chain or eyele of the (Wo propagation steps; one molecule of the prod- 
uel is formed and one molecule of alkene starting material is consumed. For cach free radical 
consumed in the propagation steps. one is produced. Because no net destruction of [ree radi- 
cals occurs, the initial concentration ol free radicals pros ied bs the initiator. and thus the con- 
centration of the imitiator uself, сал be small. Typically, the initiator concentration is only 
J-2% of the alkene concentration, 

The tree radicals involved inthe propagation steps of a chain reaetion are said to propagate 
Ue chan, The free radicals in Eq. 551a. hare the chain-propagating radicals in the peroxide- 
promoted free-radical addition of HBr. 


An Analogy for Chain Reactions 

An analogy for a chain reaction can be found in the world of business. A businessperson uses a little 
seed money, or capital, to purchase a small business. In time, this business produces profit that is 
used to buy another business. This second business, in turn, produces profit that can be used to buy 
yet another business, and so on. All this time, the businessperson is accumulating business property 
(instead of alkyl bromides), although the total amount of cash on hand is, by analogy to the chain- 
propagating free radicals in the reaction sequence above, small compared with the total amount of 
the investments, 


5.6 FREE-RADICAL ADDITION OF HYDROGEN BROMIDE TO ALKENES 205 


Termination = In the termination steps of a lree-radieal chain reaction. free radicals are de- 
sioe by redteal reoembiitten reacties. qm a recombination. reaction, two (ree radicals 
come together to form a eosalent bond. In other words. a recombinalion reaction is the reverse 
aba homolysis reaction. The following reactions are reo examples of several termination reag- 
Dons Hat take place im the free-radical addition of HBr te alkenes. In these reactions, the chain- 
propane radicals of kas. 5:514 and А.А. respeetivels. recombine to form: by-products. 
These by-products are present in very small amoung because they are formed onfy from [rec 
пикш. Which are also present in very small amounts, 


E - 
j 1 


Bri Sr — jir, (5,51) 


Br 
| Br 


.H- C R—CH—CH—R (5,53) 
S. — y 
R “CH -CH—R 


| | 
li IET 


R—ClI—cli—k 


Because such recombination reactions destro. Pree radicais. thes "hreak" the free-radicul 
ehains and terminaie the propagation reactions, 

The recombination reactions of free radicals are in general highly exothermic: that is; they 
have vers favorable. or negative. AA values; They typically occur on evers encounter of two 
free radicals. fn view ol this fact; we might ask why free radicals do not simply recombine he- 
Lore thes propagate any chins. Phe answer is simply a matter ol ihe relative concentrations of 
[he various species involved. Aree лое Pntermediutes are present i very few eoncentrá- 
неп, but ihe other reactants are present in much higher concentration, Consequently, tb is much 
more probable For à bromine atom te be involved m the propagation reaction of Eq. 5.5 [а than 
in a recombination reaction А mh another Bromine atem: 


ROE] 8 HB as lare 


COMMON Occurrence 


р sp 
| 


К 


Di кет 


|] умты 


Br — Br 


[dre OUCCUITETCI 


In a ікра iree-radical chain reaction, a termination reuction occurs once for every. 10,000 
propagation reactions, As Ше reactants are depleted. however. the probability hecomes signit- 
icantly realer that one Free radteal wili sur ive long enough to lind another with which it ean 
recombine. Small amounts of by-products resulting fram termination reactions are typically 
observed in tree-radical chain reactions, 

In most eases, en exothermic propagation steps steps with Tavorabig, or negative, АА 
values — occur rapidis. enough to compete with the recembinatton reactions thal terminate 
Iree-radivcal chain processes, Both of the propagation steps in the free-radical Hr addition to 
alkenes are exothermic, and they both oceur readily. However. the first propagation step ol 
Iree-rulieal HI addition, and the second propaeution step ol free-radical HCI addition. are 
quite eidothiernmic. (This pomt is explored Further in Sec. 56H.) For this reason, these 
processes peelt to such a small extent that thes cannot compete with the recombination 
processes that terminare these chum reactions, Consequenthy. the free-radical addition of nei- 
ther HC) nor HT о alkenes is obser ed. 
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This section has discussed the characteristics of free-radical chain reactions using the free- 
radical addition of HBr to alkenes as an example. А number of other useful laboratory reac- 
tions involve free-radical chain mechanisms. Many very important industrial processes are 
also free-radical chain reactions (Sec. 5.7). Free-radical chain reactions of great environmen- 
tal importance occur in the upper atmosphere when ozone is destroyed by chlorofluorocarbons 
(Freons). the compounds that until recently have been exclusively used as coolants in air con- 
ditioners and refrigerators. (These reactions are discussed in Sec. 8.9B.) A number of free-rad- 
ical processes have also been characterized in biological systems. 


Study Problem 5.4 


Alkenes undergo the addition of thiols at high temperature in the presence of peroxides or other 
free-radical initiators. The following reaction 1s an example. 


SEL. L-20í 
ethanethiol H 
cyclopentene (a thiol) a thioether or sulfide 


Propose a mechanism for this reaction. 


Solution The fact that the reaction requires peroxides tells us that a free-radical mechanism is 
operating. The initiation step 15 abstraction of a hydrogen atom from the thiol by the terr-butoxy 
radical derived from homolysis of the free-radical initiator. (See Eq. 5.48.) 


tert-butoxy radical 


Notice two things about this reaction. This is nor an acid—base reaction. Terms such as acid, base, 
nucleophile, electrophile, and leaving group are associated with jierervivric (electron-pair) reac- 
tions. In this reaction, a hydrogen atom, not a proton, is transferred. Second, when we write free- 
radical mechanisms, we can leave off unshared pairs and show only the unpaired electrons. This is 
because free radicals in most common cases are uncharged: therefore, calculation of formal 
charge and the use of the octet rule are generally not issues. 

In the first propagation step, the sulfur radical adds to the double bond of the alkene to gener- 
ate a new carbon radical. 


SCH,CH; 


'SCH;CH 
CRY Мы. Cy (5.55b) 


In the final propagation step, the carbon radical reacts with a thiol molecule to give the product 
plus a new sulfur radical, which propagates the chain by reacting with another alkene. 


— + :S5CH.CH (5.55c) 
га ТЕ d CH; | 
Е Н сн,сн, Н (reacts with 

another alkene 


molecule) 
Some students are tempted to write a mechanism such as the following: 


SCH,CH, 


ьн; 
yum. у Ж 
EN 


H 
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This cannot be correct for several reasons. First, this reaction destroys free radicals. If this were the 
mechanism, then we would need a separate initiation step for every product molecule formed, and 
the initiator would then have to be present at the same concentration as the reactants. Second, there 
Is no obvious source for the hydrogen atom. Finally, and most important, free radicals are typically 
present in miniscule concentrations. A collision of three molecules, two of which (the radicals) are 
present in very low concentration, is so improbable that it doesn't occur. Thus, most free-radical 
reactions occur as chain reactions. In a chain reaction, only one free radical reacts in a given step; 
it reacts with à molecule present in substantial concentration; and à new radical is produced. This 
last point means that initiators need only supply a small initial concentration of radicals to "get 
things started,” because a small population of free radicals is maintained until the reactants run ош 
(at which point termination reactions can compete with propagation steps). So, here's the message: 
Write chain mechanisms involving only one radical per step when you write free-radical reactions. 


PROBLEMS Ep T - 3 

| PROBLEMS. 5.19 In the presence of light, the addition of Br, to alkenes can occur by a free-radical mechanism 
rather than a bromonium-ion mechanism. Write a free-radical chain mechanisin that shows 
the propagation steps for the following addition: 


Вг, F H;C—UCH; m a. BrCH,—CH,Br 
Assume that the initiation step for the reaction is the light-proinoted homolysis of Br,: 
| light 
Br Br ee 2Br. 


5.20 (a) Suggest a mechanism for the free-radical addition of HBr to cyclohexene initiated by 
AIBN. Show the initiation and propagation steps. 
ib) In the free-radical addition of HBr to cyclohexene, suggest structures for three radical re- 
combination products that might be formed in small amounts in the termination phase of 
the reaction. 


D. Explanation of the Peroxide Effect 


The free-radical mechanism is the basis for understanding the peroxide effect on HBr addition 
to alkenes—that is, why the presence of peroxides reverses the normal regioselectivity of HBr 
addition (Eq. 5.43). The following example will serve as the basis for our discussion. 


НАС H.C 
C—CH; HBr, peroxides 
/ 


НУС HC 


CH —CH;—Br i 


m 

t 

J 
ar 


Recall that the reaction is initiated by the formation of a bromine atom from HBr (Eq. 5.50). 
When the bromine atom adds to the лт bond of an alkene, two reactions are in competition: the 
bromine atom can react at either of the two carbons of the double bond to give different free- 
radical intermediates. 


HC Н;С H.C CH, 
\ hx "m | 
Ра СН, —- J^ em or C77 CH, —— > Б.Н (558 
A E A 
HC Sis HC Br Нз. pr. Br 
a tertiary a primary 


free radical free radical 
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б- $ Noct 
Dr e i 
\ Br 
' ] 
> j 
1 ' 
\ , ! 
С CH НС й Н 
РАШИРЕНИ и) TS 2 mus, 0n i 
Hac » a— zzz---5-(7H, 
HC : 
van der Waals repulsions no van der Waals repulsions 
М 
№ 
рч 


(а) (b) 


Figure 5.2 Space-filling models of the alternative transition states for the addition of a bromine atom to 
2-methylprapene. In part (a), the bromine is adding to the carbon of the double bond that has the two methyl 
substituents. This transition state contains van der Waals repulsions between the bromine and four of the six 
methyl hydrogens, which are shown in pink. (Three of these are shown; one is hidden from view.) In part (b), the 
bromine is adding to the CH, carbon of the double bond, and the van der Waals repulsions shown In part (а) are 
absent. The transition state in part (b) has lower energy and therefore leads to the observed product. 


What is the difference between these two free radicals? Free radicals, like carbocations. can 
be classified as primary. secondary. or tertiary. 


R R 
R—CH, R—CH—R “С^ (5.59) 
primary secondary | 
tertiary 


Equation 5.58 thus involves a competition between the formation of a primary and the forma- 
tion of a tertiary free radical. The formation of the tertiary free radical is faster. 

The tertiary free radical is formed more rapidiv for two reasons. The first reason ts that when 
the rather large bromine atom reacts at the more branched carbon of the double bond. it experi- 
ences van der Waals repulsions with the hydrogens in the branches (Fig. 5.2a). These repulsions 
increase the energy of this transition state. When the bromine atom reacts at the less branched 
carbon of the double bond, these van der Waals repulsions are absent (Fig. 5.26). Because the 
reaction with the transition state of lower energy is the faster reaction. reaction of the bromine 
atom at the alkene carbon with fewer alkvl substituents to give rhe more alkvi-substituted free 
radical is faster. Subsequent reaction of this free radical with HBr leads to the observed prod- 


ucts. To summarize: 


HC 


Н.С 


(C = (СН. + Br: 
/ 
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Br 
slower. | 
CH, 


(not farmed in 
significant amounts) 
(5.001 


нс Вг H 


+. - HBr = | : 
ССН. ——- H,C—C—CH.Br + Вг: 


[asier 


reac on 


HC: CH. 


(observed product) 


When a chemical phenomenon (such as a reaction) is atfected by van der Waals repulsions, 
il is said to be influenced by a steric effect (from the Greek stereos, meaning "solid" ). Thus. 
the regioselectivity of free-radical HBr addition to alkenes is due in part to a steric effect. 
Other examples of steric effects that we've already studied are the preference of butane for the 
anti rather than the gauche conformation (Sec. 2.3B). and the greater stability of trans-2- 
butene relative to cis-2-butene (Sec. 4.5B). 

The second reason that the tertiary radical is formed in Eq. 5.60 has to do with its relative 
stability. The heats of formation of several free radicals are given in Table 5.2. Comparing the 
heats of formation For propyl and isopropyl radicals, or for butyl and sec-butyl radicals. shows 
that the secondary radical is more stable than the primary one by about 12 kJ тої! (about 
3 keal mol! ). Similarly, the tert-butyl radical is more stable than the sec-butyl radical by 
about 16 kJ mol"! (4 keal mol"). Therefore: 


Stability of free radicals: 
tertiary > secondary > primary (5.61) 


Notice that free radicals Have the same stability order as carbocations. However, the energy 
differences between isomeric free radicals are onlv about one-fifth the magnitude of the dif- 
ferences between the corresponding carbocations. (Compare Tables 4.2 on p. 151 and 5.2.) 


Heats of Formation of Some Free Radicals (25 °С) 


Radical Structure AH; (KJ mol") AH; (kcal mol") 
methyl CH, 146.6 35.0 

ethyl нн, 121.3 29.0 

propyl 'CH;CH,CH, 100.4 24.0 
isopropyl CH,CHCH, 90.0 21.5 

butyl CH,CH,CH;CH, 79.7 19.0 
isobutyl CH,CH(CH,), 70 17 

sec-butyl CH,CHCH,CH, 674 16.1 


tert-butyl ССН), 51.5 12.3 
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2p orbital 
i. contains 
BE one electron 


R Ш чч. 


i 


Figure 5.3 Carbon radicals are sp^-hybridized and have trigonal planar geometry. The unpaired electron occu- 
pies the 2p orbital. 


This free-radical stability order can be understood from the geometry and hybridization of a 
typical carbon radical (Fig. 5.3). Although the subject continues to be debated, it appears that 
alkyl radicals have trigonal planar. or nearly planar, geometries. Recall that trigonal planar car- 
bons are sp^-hybridized (Sec. 4.1A). Hence, alkyl radicals are sp^-hybridized: the unpaired 
electron is in a carbon 2p orbital. The stability order in Eq. 5.61 implies, then, that free radicals 
are stabilized by alkvl-group substitution at sp^-hvbridized carbons. The magnitude of the 
alkvl-group stabilization of free radicals is very similar to that observed for alkyl substitution in 
alkenes (Sec. 4.5B) and has a similar explanation. 

By Hammond's postulate (Sec. 4.8C), a more stable free radical should be formed more 
rapidly than a less stable one. Thus, when a bromine atom reacts with the zr bond of an alkene, 
it adds to the carbon of the alkene with fewer afkví substituents because this places the un- 
paired electron on the carbon with more alkyl substituents. In other words, the more stable free 
radical is formed. The product of HBr addition is formed by the subsequent reaction of this 
free radical with HBr ( Eq. 5.516, p. 204). Notice that whether we consider steric effects in the 
transition state or the relative stabilities of free radicals. the same outcome of free-radical HBr 
addition is predicted. 

Understanding the regioselectivity of free-radical HBr addition to alkenes provides an un- 
derstanding of the peroxide effect—why the regioselectivity of HBr addition to alkenes differs 
in the presence and absence of peroxides. Both reactions begin by attachment of an atom to the 
carbon of the double bond with fewer alky! substituents. In the absence of peroxides, the pro- 
ton adds first to give a carbocation at the carbon with the greater number of alkyl substituents. 
The nucleophilic reaction of the bromide ion at this carbon completes the addition. In the pres- 
ence of peroxides, the free-radical mechanism takes over: a bromine atom adds first, thus plac- 
ing the unpaired electron on the carbon with the greater number of alkyl substituents. A hy- 
drogen atom is subsequently transferred to this carbon. Finally, the peroxide effect is not 
limited to peroxides: any good free-radical initiator will bring about the same effect. 


PROBLEMS 5.21 Give the structure the organic product(s) formed when HBr reacts with each of the following 


alkenes in the presence of peroxides, and explain your reasoning. If more than one product is 
formed, predict which one should predominate and why. 


(а) l-pentene (6) (E)-4,4-dimethy1-2-pentene 


5.22 Give the structures of the tree radical intennediates in the peroxide-initiated reaction of HBr 
with each of the following alkenes. 


(a) (6) 
О "Суна 
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Bond Dissociation Energies 


How easily does a chemical bond break homolstivally to form free radicals? The question van 
be answered by examining the bend dissociation energy. The bond dissociation energy of à 
bond between (wo atoms X — Y is defined as the standard enthalpy MZ? of the reaction 
ЖАА ; 
х—ү ——+ х-. ү, 5.421 
Notice Иш a Bond dissociation energy always corresponds to the enthalpy required to break а 
hond леле. Thus, the bond energy of El Br refers to the process 


lf Br —- ID + «Br (5 Ь%) 


and nor 10 the heierolytie process 
E T 
[}— Br: — Ht- ВГ: (5.64 


seme bond dissovialion energies are collected in Table 5.3 on page 213. A bend dixsecha- 
Hen Cnergv medsures the mitriisic sengih of a chemical bond. For example, breaking the 
H —H bond requires 435 KJ mol CHUA keal mol of energy. I then follows that forming the 
hydrogen molecule from two hydrogen atoms liberates 435 kJ mo] (E04 keal mol!) of en- 
eres. Table 5.3 shows that different bonds exhibit significant differences in bond strength: 
even bonds of the same general type. such zs the various C— H bonds. can differ in Вова 
strength bs mans kilojoules per mole. 

Bond dissociation energies Hike those in Table 5.3 can be used in a number of ways, Forex- 
ample. i£ vou return to the discussion of the element effect in See. 3.бА, you will see that 
bond-energy arguments were used te understand trends in acidilies. 

A consideration of bond dissociation energies shows why di-eri-butsl peroxide (the seg- 
ond entry of the “Other” classiticauon im the Table? is an excellent [ree-radical initiator. The 
low er a bond dissocialion energy. the lower the temperature required to rupture the bond in 
question and form free radicals ata reasonable rate; The homolysis of the O—O bond in ai- 
reri buly] peroxide requires only 139 kJ mol 7^ (38 keal mol à of energy: this is one of the 
smallest bond dissociation energies in Table 5.3; With such а small bond dissociation energy, 
this peroxide readily forms small amounts of free radicals when it is heated eentls or when it 
Is subjected to ultraviolet light, 

An important use of bord dissocnitian energies is to calvulate or estimate the АН? of 
reactions. As an illustration. consider the second initiation step For the free-radical addition of 
НВг. in which a zerr-butoxy radical reacts with H— Br. 


tert-butoxy radical 


In thos reaction. a hydrogen 15 abstracted Irom HBr by the rere bütosy radical. This is not the 
only reaction that might occur. Instead, the zerzhutoxs radical might abstract a bromine atom 


trom HBr: | 
(См = Il See. — НС O я Ж НІ [5,55 
tert-butoxv radical 


Wiha is hydrogen and not bromine abstracted'! The reason lies in the relative enthalpies of the 
Dwo reactions. These enthalpies ure not known by direct measurement, but ean Бе calculated 
using Doml dissoeiation energies. To caleulate the AA? for a reaction. Анла Hie Реле 
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dissociation energies (BDE) of the bonds formed from the bond dissociation energies of the 
bonds broken. 


AH? = BDE (bonds broken) — BDE (bonds formed) (5.67) 


This works because BDEs are the enthalpies for bond dissociation. This procedure is illustrated 
in Study Problem 5.5. 


Study Problem 5.5 


Estimate the standard enthalpies of the reactions shown in Eqs. 5.65 and 5.66. 


Solution To obtain the required estimates, apply Eq. 5.67. In both equations, the bond broken is 
the H— Br bond. From Table 5.3. the bond dissociation energy of this bond is 368 kJ mol"! 

(88 kcal mol"! ). The bond formed in Eq. 5.65 is the O—H bond in (CH,),CO—H {tert-butyl 
alcahol). This exact compound is not found in Table 5.3; what do we do? Look for the same type of 
bond in as similar a compound as possible. For example, the table includes an entry for the alcohol 
CH;,0—4 (methyl alcohol). (The O—H bond dissociation energies for methyl alcohol and rert- 
buty! alcohol differ very little.) Thus. we use 438 kJ mol (105 kcal mol” ') for the BDE of the 
O—4H bond. Subtracting the enthalpy of the bond formed (the O—H bond) from that of the bond 


4 broken (the H—Br bond). we obtain 368 — 438 = —70 kJ mol"! or 88 — 105 = —17 kcal mol™!. 
~ This is the enthalpy of the reaction in Eq. 5.65. Following the same procedure for Eq. 5.66, use the 
Further Exploration 5.4 bond dissociation energy of the O— Br bond in (CH,),CO— Br. which is given in Table 5.3 as 205 
amend ^ kJ mol^' (49 kcal mol !). The calculated enthalpy for Eq. 5.66 is then 368 — 205 = 163 kJ mol”! 
Heats of Reaction ог 88 — 49 = 39 kcal mol" '. These AH? estimates are the required solution to the problem. 


The calculation in Study Problem 5.5 shows that reaction 5.65 is highly exothermic (favorable) 
and reaction 5.66 is highly endothermic (unfavorable). Thus, it is not surprising that the ab- 
straction of H (Eq. 5.65) is the only one that occurs. Abstraction of Br (Eq. 5.66) is so unfavor- 
able energetically that it does not occur to any appreciable extent. 


Strictly speaking. we need AG? values to determine whether a reaction will occur spontaneously, be- 
cause AG? determines the equilibrium constant. However, for similar reactions. such as the two con- 
sidered here, the differences between АА? and AG” tend to cancel in the comparison. 


Recall that a peroxide effect is not observed when HCI and HI are added to alkenes. Bond 
dissociation energies can be used to help us understand this observation. Consider, for exam- 
ple. HI addition by a hypothetical free-radical mechanism. and compare the enthalpies for the 
addition of HBr and HI in the first propagation step. This propagation step involves the break- 
ing of a 7r bond in each case (Eq. 5.682, below) and the formation of a CH,— X bond (Eq. 
5.68b). Breaking the тт bond requires about 243 kJ mol (58 kcal mol !). from Table 5.3. The 
energy released on formation of a CH,— X bond is approximated by the negative bond disso- 
ciation energy of the corresponding carbon-halogen bond in CH,CH,—X. also from Table 
5,3. Because we are making the same approximation in comparing the two halogens, any error 
introduced tends to cancel in the comparison. The first propagation step (Eq. 5.68c) is the sum 
of these two processes: 


АН, k] mol! (kcal mol!) 
X = Br Х =] 


H,C—CH, ж» H,C—CH; +243 (+58) +243 (+58) (568a) 


H,C—CH, + X% —» H,C—CH,—X  -303(-72) -238(—57) (5.686) 


Sum: X: + HC—CH, —- H,C—CH.—X =0 cm) EG (5.680) 
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TABLE ЕЙ Bond Dissociation Energies (25 °С) 


Bond 

C—H bonds 
H,C—H 
CH,CH,—H 
(CH, ),CH—H 
(CH,),C—H 
PhCH,—H 
H,C—CHCH,—H 
RCH—CH —H 
Ph-—H 
RC=C—H 
H-—CN 


C— Halogen bonds 


Н.С 
(CH, 1; CH—F 
Н.С — СІ 
CH,CH,—Cl 
(CH4,CH—CI 
(CH; Сі 
Н.С — г 
CH,CH,—Br 
(CH. CH— Вг 
(CH,},C—Br 
H,c—l 
CH.CH.—I 
(CH,).CH—| 
СН.) — 1 
Ph—F 
Ph—CI 
Ph—Br 
Ph—l 


C—C bonds 
H,C—CH, 
Ph—CH, 
PhCH,—CH, 
H,C—CN 
H,C—CH, (both) 


H.C—CH,; (7 bond) 


НС =CH 


АН (kJ mol`’) АН? (kcal mol") Bond AH? (kJ mol) ЛАН (kcal mol") 
C—O bonds 
439 105 H,C— OH 385 92 
А23 101 H,C—OCH, 347 83 
412 99 Ph—OH 470 112 
404 96 H,C—0 (both) 749 179 
378 90 H,C=0 (r bond) 305 73 
372 89 
472 113 H4C—NH; 356 85 
SER 133 Ph— NH, 435 104 
528 ү H,C—NH 736 176 
HC—N —987 ~236 
481 115 H—X bonds 
463 1 H— OH 498 119 
art д H—OCH, 438 105 
эх B H—O,CCH, 473 113 
356 35 H—OPh 377 90 
ans 72 H—Br 368 88 
309 7A H—| 297 71 
api 25 H—NH, 450 108 
536 57 H—SCH, 366 87 
238 27 X— X bonds 
233 Ja H—H 435 104 
sa] мт POR 154 37 
is e ci—c 239 57 
352 84 Вг— Вг 190 45 
280 67 m 149 36 
Other 
377 90 HO—OH 213 51 
zH е (CH,),CO—OCICH,), 159 , 3B 
HO— Br 234 56 
n к= (CH,),CO—Br 205 49 
728 174 
243 58 
=966 =231 


This calculation shows that the first propagation step is slightly exothermic (that 1s, energeti- 
cally favorable) for HBr, but endothermic (that is, energetically unfavorable) for Hl. Remem- 
ber, now, that the propagation steps of any free-radical chain reaction are 1n competition with 
recombination steps thal terminate free-radical reactions. These recombination steps are so 
exothermie that they occur on every encounter of two radicals. The energy required for an en- 
dothermic propagation step. in contrast, represents an energy barrier that reduces the rate of 
this step. In effect, only exothermic propagation steps compete successfully with recombina- 
tion steps. Hence, HI does not add to alkenes by a free-radical mechanism because the first 
propagation step is endothermic, and the radical chain 15 terminated. [n Problem 5.24, you can 
explore from a bond-energy perspective why the addition of HC] also does not occur by a free- 
radical mechanism. 

The use of bond dissociation energies for the calculation of АН°ої reactions is not limited 
to free-radical reactions. It ts necessary only that the reaction for which the calculation is made 
does not create or destroy ions, and that the bond dissociation energies of the appropriate 
bonds are known or can be closely estimated. (See Problem 5.23.) 
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Another point worth noting is that bond dissociation energies apply to the gas phase. Bond 
dissociation energies can be used, however. to compare the enthalpies of two reactions in st- 
lution. provided that the etfect of the solventis either neeligibie or is the same for both of the 
reactions being compared cand thus cancels in the comparison. This assumption is valid for 
many free-radical reactions, топе the ones in Study Problem 5.5. 


PROBLEMS | | l | к 
5.23 Estimate the XE? values for each of the following gas-phase reactions using bond dissociation 


energies. 
(a) CH, + Cl. — H.C—cl + HCl 
(b) H C=C], + Ci, —- CI—CH.;CH.— Cl 
(a) Consider the second propagation step for peroxide-promoted HBr addition te an alkene 
(Eq. 5.51b on p. 204). Calculate the AP? for this reaction. 
(b) Calculate the АР tor the same step using HCl instead of HBr. 
(c) Use your calculation te explain why no peroxide effect is observed for the addition of 
НСІ to an alkene. 
5.25 Consider the second propagation. step of peroxide-prometed HBr addition to alkenes 
(Eq. 5.51b). Explain why hydrogen. and not bromine. is abstracted from HBr by the free- 
radical reactant, 


л 
кә 
A 


POLYMERS: FREE-RADICAL POLYMERIZATION OF ALKENES 


In the presence of free-radical initiators such as peroxides or AIBN. mans alkenes react to form 
polymers, which are very large molecules composed of repeating units. Polymers are derived 
from small molecules in the same sense that a freight train is composed of boxears. 1n à poly- 
merization reaction. smal! molecules known as monomers react to form a polymer. For exam- 
ple. ethylene ean be used us à monomer amd polymerized under free-radical conditions to мем 
an indüstmially important polymer called polyethylene. 


LESCH ee CH CHL LECT 


ethvienc polvethylene 
(the palviner ot ethylene! 
The formula for polyethylene in this equation illustrates a very прома convention tor rep- 
resenting the structures of polymers. [n this formula, the subsceript à means that a typical polv- 
ethylene molecule contains a vers large number of repeating units, —CH.—CH.—. Ts pi- 
cally a might be in the range ef 3000 to 40000, and a given sample of polyethylene contains 
molecules with a distribution of à values, Polyethylene is an example of an addition poly- 
mer—that is. a poly mer in whieh no atoms of the monomer unit are lost as a result of the pols - 
merization reaction. (Other types of polymers are discussed later in the text.) 

Because the polymerization of ethylene shown in Eg. 5.69 occurs һу a [ree-radical megha- 
nism, itis an example of free-radical polymerization. The reaction is initiated when a radi- 
cal Ry derived from peroxides or other initiators, adds to the double bond of ethylene to form 
и new radical. 


EL DW S : "s 
RÁUTHICIACH. — И.СИ. КАШ 
шыпа 
radical 


The tirst propagation step of the reaction involves addition of the new radical to another mol- 


ecule af ethylene. 
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R -си. СНХ, ——- в-он. сн, уН зло 


Eqs. 3.702 and А. 706 are further examples ot à typleal free-radical reaction: reaction wilh a 7r 
bond. (Compare with Eq. 551a on p. 204.3 This process continues mdefinitels until the ethyl- 
ene supply is exhausted. 


ксн СН СИИ, + H.C—CH, ——»9 К-НИН, 70 


The reaction terminates when the radicals present m the reaction mixture are eventually con- 
sumed by termination reactions. Typically, polymers with molecular masses of 10? to I0. dal- 
tons are formed im free-radical polymerizations, The polymer chain is so long that the groups 
at its ends represent an insignificant part of the total structure; Hence. when we write the poly- 
mer structure as 47CH.— (CH... these terminal groups are ignored. 

The free-radical poly merizution of alkenes is very important commercially, About 20—40 
billion pounds of polvethylene 1s manufactured annually in the United States. ol which about 
2556 is made by tree-radical polymerization. The free-radical process ytelds u very transpar- 
ent polymer, called Aeni-densirv pefverivienc. which is used in [dms and packaging. (Freezer 
bags and sandwich bags are usually made af low-density polyethylene.) The relansely low 
density of this polymer is due to the oceurrenee ol significant branching in the polymer chains. 
Because branched chains do not pack so tightly as unbranched chains, the solid polymer con- 
tains lors of empty space. HE you've ever tried lo stack a pile of brush containing highly 
branched tree limbs, sou understand this point.) The mechanism of polymerization shown in 
Egs. 5.70а-« does not explain the branching. but this is explored in Problem 3.44 at the end of 
ihe chapter. 

Another method of polyethylene manufacture. the Ziegler- Natta process, employs a Ha- 
ntum calalsst and does not involve free-radical intermediates (Sec. 18.619). This process 
yields largely unbranched polymer chains and results in /7g/;-demnsity pelvethyiene that is used 
in molded plastic containers, such as milk jugs. 

Mans other conmmercially important polis mers are produced from other alkene monomers 
by free-radical polymerization, Some of these are listed tn Table 5.4 on page 216. Alkene 
polymers surround us in many everyday articles. Cell phones, computers, automobiles, sports 
equipment, stereo systems. food packaging, and many other itens have important components 
fabricated from alkene polymers. 


Discovery of Teflon 


In April 1938, Roy J.Plunkett (1910-1994), who had obtained his Ph. D. only two years earlier from the 
Ohio State University, was warking in the laboratories of the DuPont company. He decided to use 
same tetrafluoroethylene (a gas) in the preparation of a refrigerant. When he opened the valve on 
the cylinder of tetrafluoroethylene, no gas escaped. Because the weight of the empty cylinder was 
known, Plunkett was able to determine that the cylinder had the weight expected for a full cylinder 
of the gas. it was at this point that Plunkett's scientific curiosity paid à handsome dividend. Rather 
than discard the cylinder, he checked to be sure the valve was not faulty, and then cut the cylinder 
open, Inside he found a polymeric material that felt slippery to the touch, could not be melted with 
extreme heat, and was chemically inert to almost everything. Thus, Plunkett accidentally discovered 
the polymer we know today as Teflon, At that time, no one imagined the commercial value of Teflon. 
Only with the advent of the atomic bomb project during World War Il did it find a use: to form gas- 
kets that were inert to the highly corrosive gas UF, used to purify the isotopes of uranium. In the 
1960s, Teflon was introduced to consumers as a nonstick coating on cookware. 
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Some Addition Polymers Produced by Free-Radical Polymerization 


Polymer name Structure of Properties of 
(Trade name) monomer the polyrner Uses 
Polyethylene H,C—CH, Flexible, semiopaque, Containers, film 
generally inert 
Polystyrene Ph — CH—CH, Clear, rigid; can be Containers, toys, 
foamed with air packing material 
and insulation 
Poly(vinyl! H,C=CH—C Rigid, but can be Plumbing, leatherette, 
chloride) (PVC) plasticized with hoses, Monomer has 
certain additives been implicated as a 
carcinogen. 
Palychiorotri- F,C—CF—CI Inert Chemically inert 
fluoroethylene apparatus, fittings, 
(Kel-F) and gaskets 
Polytetrafluoro- F,C—CF, Very high melting point; Gaskets; chemically 


ethylene (Teflon) 


chemically inert 


resistant apparatus 


and parts 
Poly(methyl НС = C— COSCH; Clear and semiflexible Lenses and windows; 
methacrylate) | fiber optics 
(Plexiglas kucite} CH; 
Polyacrylonitrile H.C—CH —CH Crystalline, strong, Fibers 


(Orion, Acrilan) 


high luster 


PROBLEM | 
| PROBLEM | 5.26 Using the monomer structure in Table 5.4, draw the structure of (a) poly(methylmethacry- 


late) and (b) poly(vinyl chloride) (PVC), the polymer used for the pipes in household 


plumbing. 


ALKENES IN THE CHEMICAL INDUSTRY 


More ethylene is produced industrially than any other organic compound. [n the United States, 


it has ranked fourth in industrial production of all chemicals (behind sulfuric acid, nitrogen, 
and oxygen) for a number of years. About 60 billion pounds of ethylene is produced annually. 
Propene (known industrially by its older name propylene) is not far behind, with an annual 
U.S. output of more than 30 billion pounds. Other important alkenes are styrene 
(PhCH=CH.,, Table 5.4), 1.3-butadiene, and 2-methylpropene (usually called isobutylene in 
the chemical industry}. 


CH; 

Д4 

CH=CH; H;C—CH-—CH —CH: ied 
1,3-butadiene CH, 


styrene 
2-methylpropene 
(isobutylene) 
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Eths lene and propene are considered to be petroleum products. but they are not obtained di- 
recdy [rom crude ol, Rather, they are produced mdustrially fram alkanes in à process valled 
thermal cracking, Cracking breaks larger alkanes imo a mixture of dihydrogen. methane, and 
other small hydrocarbons, many of which are alkenes. In this process, a mixture of alkanes from 
the Fractional distillation of petroleum (Sec. 2.81 is mixed with steam and heated in a furnace al 
754-900 "C for u fraction of a second and is then quenched (rapidly cooled). The products of 
cracking are then separated. Specialized catalysts have also been developed that allow cracking 
lo take plice at lower temperatures (cat cracking), 

Inthe United States. the hydrocarbon most often used to produce ethylene is ethane, which 
Is а component of natural gas. In the cracking of ethane. ethylene and dihydrogen (molecular 
hydrogen? are formed at very high temperature. 

usn) E 


Ш.СИ ———» HC CH. - Н. 571 


ethane ethylene 


Polymerization t a major end use fer ethylene, propene. and styrene. which give the poly- 
mers polyethylene. polyprops lene. and polystyrene. respectively (Sec. 4.7, Table 4.4). The 
diene 1.3-butadiene is co-polymerized with styrene to produce a synthetic rubber. stvrene-bu- 
tadiene rubber (SBR). which is important in the manufacture of tires. (This process is dis- 
cussed in Sec; 15,5.) Ethylene is a starting material for the manufacture of ethylene усо. 
HO—CH.—CH,—OH. which ts the main ingredient of automotive antifreeze and is also à 
starting material in the production of polyesters. Ethylene is also hydrated 10 give industrial 
ethanol (See. 9B i and it is used. along with benzene, to produce styrene. which, as we noted 
earlier. is another important alkene in the polymer industry. Propene is а key compound in me 
production of phenol, which is used in adhesives, and acetone, a commercially important sol- 
vent, 2-Methylpropene tisobutylene? 15 used lo prepare octane isomers that are important 
components of high-octane gasoline, and it is reacted with methanol (CHOH) to give a gaso- 
line additive. methy E tert-butyl! ether (MTBE: sce Problem 4.65 on p. 177). Some of these 
chemical interrelationships are shown in big. 5.4 (p. 2183. This figure also shows how funda- 
mental petroleum is to the chemical economy of much of the industrialized world. 


Ethylene as a Fruit Ripener 


An intriguing role of ethylene in nature has been put to commercial use, Ethylene produced by 
plants causes fruit to ripen, That is, ethylene is a ripening hormone. Plants produce ethylene by the 
degradation of a relatively rare amino acid: 


O 
| 
ане 
1 i / 
70; + | 2С —- H- = CH; + CO, + HC==N + H-0 
НС » 
NH; ethylene 
+ 


1-amino-1-cyclopropane- 
carboxylic acid 


It is ethylene, for example, that brings green tomatoes to that peak of juicy redness in the home gar- 
den.Commercial growers have made use of this knowledge by picking and transporting fruit before 
it is пре, and then ripening it “on location" with ethylene! 


= gasoline, heating oil 


(hec, 2.8) 
crackin M 0; | 
— CH, ———_——» со — — ——» CHOH ————» H,C=O 
+ | methanol formaldehyde 
H; - 
ДУ, cracking ! H* - 
РК rE T H;C—C (CH;),C — OO — CH, 
ad \ . 
SD MTBE 
р i 
104 І CH; t gasoline additive; 
Zig | 2-те being phased out dass Aber, 
204 T Be vd qa polyethylene wing phased out) -yË ү 
P. A Е (iebutylenc) hor 57 molde 
EDS ec. 3.7) НС — CH; plastics, 
т< | adhesives 
477 j „йен (Sec. 19.15) 
Fam = ЕЕ ^ t 5369 
NX Crac ing > HC—CH, - HOCH,CH,OH (from petroleum) polyester 
— (Sec. 5.8) ‘ 4 (Sec. 21.12) 
wae ethylene ethylene glycol (antifreeze } a qu 
CL (Sec. &.9C) 
Г | I solvents, gasoline additive. 
M 4 " C;H,OH chemical intermediates; most is 
| ethanol — now made from biomass (Sec, 8.9C) 
SS 
ie C:H; _ „сн==СНн, 
RS —— d =. is ———————»- polystyrene 
P | (plastics, SBR rubber? 
Тыл | chee. 15.15, 16.7) 
styrene 


ethylbenzene 


benzene 
| | | м. SCH(CH3); он T 
еы. e = aaa g SS TOEIC e HI 
(Sec, 3.8) 3 i METUIT 
acetone 


solvents, 


propene 
cumene phenol ЕІ | 
chemical intermediates 
pnlvpropylene (Sec. 18.111 


[5ec, 5.7] 


Figure 5.4 The organic chemical industry is a major economic force that depends strongly on the availability of petroleum. (In the reactions, [О] indicates oxidation.) 
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KEY IDEAS IN CHAPTER 5 


The characteristic reaction of alkenes is addition to 
the double bond. 


Addition to the alkene double bond occurs by a vari- 
ety of mechanisms: 


1. by mechanisms involving carbocation intermedi- 
ates (addition of hydrogen halides, hydration) 

2. by mechanisms involving cyclic ion intermediates 
(oxymercuration, halogen addition) 

3. by concerted mechanisms (hydroboration, ozonolysis) 

4. by mechanisms involving free-radical intermedi- 
ates (free-radical addition of HBr, polymerization). 

5. by other mechanisms not yet classified (catalytic 
hydrogenation) 


Reactions that occur with mechanisms (1)-(3) are 
called electrophilic additions. Envisoning mechanistic 
types (2) and (3) as fictitious carbocation mechanisms 
analogous to type (1) helps to see the mechanistic re- 
lationship of all electrophilic additions. 


Some useful transformations of alkenes involve addi- 
tions followed by other transformations. These in- 
clude oxymercuration-reduction and hydrobora- 
tion-oxidation, which give alcohols; and ozonolysis 
followed by treatment with (CH,),S or Н.О., which 
gives aldehydes, ketones, or carboxylic acids by cleav- 
age of the double bond. 


Three fundamental reactions of free radicals are 


1. reaction with a 7 bond 
à, atom abstraction 


3. recombination with another radical (the reverse of 
bond rupture). 


Guide and Solutions Manual. 


Reactions that occur by free-radical chain mecha- 
nisms are typically promoted by free-radical initiators 
(peroxides, AIBN), heat, or light. 


The stability of free radicals is in the order tertiary — 
secondary > primary, but the effect of alkyl substitu- 
tion on free-radical stability is considerably less signif- 
icant than the effect of alkyl substitution on carbo- 
cation stability. 


The reversal of regioselectivity of HBr addition to 
alkenes by small amounts of peroxides (the peroxide 
effect) is a consequence of the free-radical mecha- 
nism of the reaction. The key step is the reaction of a 
bromine atom at the alkene carbon bearing fewer 
alkyl substituents to give the free-radical intermedi- 
ate with more alkyl substituents. Both a steric effect 
and the relative stability of free radicals determine 
this outcome. 


The bond dissociation energy of a covalent bond 
measures the energy required to break the bond ho- 
molytically to form two free radicals. The AH? of a re- 
action can be calculated by subtracting the bond dis- 
sociation energies of the bonds formed from those of 
the bonds broken. 


A number of alkenes are important for many commer- 
cial applications. They serve as starting materials in 
the synthesis of addition polymers such as polyethyl- 
ene. Many of these polymerization reactions are free- 
radical processes. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 5, in the Study 
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ADDITIONAL PROBLEMS 


Give the principal organic products expected when l- 
ethylcyclopentene reacts with each of the following 
reagents. 

Br. in CH.Cl, solvent 

0, —7N C 

product of tbi with (CEL. S 

product of ib? with Н.О. 

lel O.. flame 

(Г HBr 

lL. H.O 

Н.. Pree 

ur HBr, peroxides 

(it BH in tetrahsulroturan (THE: 

thi product ofi] with NaOH. HO. 

the Ныл. Н.О 


(а) 
ity} 
(c 
TU 


ima product of КИП NaBH, 
ini HI 
(a) HE. AIBN 


Repeat Problem 5.27 bar ]1-hutenc. 


Draw ihe structure of 

Lal a six carbon alkene that would give the same prod- 
ugt from reaction with HBr whether peroxides are 
present or riot, 


tha four compounds of tonnata CH, that sould un- 


In 


dereo gatah пу hydrogenation to eise decal: 


OX 


decalin 
iere alkenes that would yield 1-meths levelohexanol 
when treated with Het OAci. m water, then NaBH |: 
114: OH 


zs 


A 


~ 


I-methyleyclonexanol 


(dian alkene wath one double bond ibat would give the 
Геом mg compound as the eim product alter 
ozonolysis Гао by Н.О; 


(1 ( 


HO -C  CH.CH.—C—ü0H 


iertwo stereoiseimeric alkenes that would give 3-hexa- 
nol as the major product or hyuroboratieon followed 
by treaument with alkaline H«O.; 


5.20 


Nal | 


OH 
CH4CH;CHCH;CH;CH; 
3-hexanol 


(oan alkene ol Bye carbons that would vive the sume 
produci as а result od einer oxymereurabien: reduc- 


tion er hydreboration-oxidanon. 


Draw the structure of 

бара five-carhon alkene thai world sive the same product 
ої HBr addition whether peroxides are present or not, 

уа compound with the Fermula C,H, that would mot 
undergo ozonolysis, 

tc) tour eompoenunds with the formula C-H.. that woul 
undergo eataülvtie Bs drogenation to give methyles - 
clohexune. 

Gb two alkenes that would give the folles me асори 
when treated with HerOAc). and Н.О in THE fol- 
loved by alkaline NaBH: 

CCH ECHEC CH, 


| 
2, 


(eran alkene that would siye 2-pentunonge as the only 
product ot ozonolysis Аоф by treatment with 
aqueous Н), 


(1 
| 
CHGCCH.CH.CH, 


2-pentanone 


(tithe alkene that would ene the following aleohot 


after nsalrobhoratian-exidatian: 


0H 


„М. wn 
wg ae 
ке 
(gran alkene with the formula CFL. thai would sive 

the sume асо [roni ether ess mereuratien-reduc- 


tion or Iydroboration-asitdatnien, 


Give the missing reactant er product in each of the fol- 


low ing equations. 


(а) | 
р T EN ТИ 
i =- {0}, жн —————— 
М up E 
UL 


М zu iii. М 
tih в — y 2 
Ta 27 
ic) i 
: il lie 
7 " 


peroxatts ES Fi 


idì 3.323 


НВг 


peroxides 


й 


tenly product 


Outline a laboratory preparation of each of the 
following compounds. Each should be prepared from an 
alkene with the same number of carbon atoms and апу 
other reagents. The reactions and starting materials used 
should be chosen so that each compound is virtually un- 
contaminated by constitutional isomers. 

OH 


(al 
| 5.34 
CH;CH, 

ib} m 

CH;CHCH;CH;CH;CH; 

(c) HO—CH;CH;CH;CH;CH;CH,; 


id) Br— CH CH ;CH;CH;CH,; 
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Deuterium (D, or °Н) is an isotope of hydrogen with 
atomic mass = 2. Deuterium can be introduced into or- 
ganic compounds hy using reagents in which hydrogen 
has been replaced by deuterium, Outline preparations of 
both isotopically labeled compounds from the same 
alkene using appropriate deuterium-containing reagents. 
(а) аыр 


[2 CH; 
(bi — Дыт 


OH CH; 
Using the mechanism of halogen addition to alkenes to 
guide you, predict the product(s) obtained when 2- 
methyl- I-butene 15 subjected to each of the following 
conditions. Explain your answers. 
(a) Br, in СНС, (an inert solvent) 
(b) Br, in H-O 
(c) Br, in CH,OH solvent 
(d) Br, in CH,OH solvent containing 

concentrated Li* Br7 


(е) ОН 5.35 Using the mechanism of the oxymercuration reaction to 
guide you, predict the product(s) obtained when I-hex- 
CH;CH;CCH;CH; ene is treated with mercuric acetate in each of the fol- 
CH.Br lowing solvents and the resulting products are treated 
i with NaBH,. Explain your answers and tell what func- 
(f) Br T tional groups are present in each of the products. 
we Nano (а) Н.ОТНЕ (b CLCHI5 CH — OH 
isopropyl alcohol 
CH; i cw 
| ic) 
(g) is 
NEM H Gea 
H —C(CH;34C —CH, acetic acid 
th) O 
| 5,36 In the addition of HBr to 3,3-dimethyl-|-butene, the re- 
HO —C(CH;C — OH sults observed are shown in Fig. P5.36. 
(i) Br (a) Explain why the different conditions give different 
| product distributions. 
CH;CHCH3;CH:;CH; (h) Write a detailed mechanism for each reaction that 
(I CH.CH.CHCH.CH explains the origin of all products. 
\ emper ал (c) Which conditions give the faster reaction? Explain. 
CH;CH; 
CH; CH, CH, CH; 
P rre S + HBr —3 H,C—C—CHICH,), + НС ССН —CH; + HiC—C—CH;CH;Br 
CH, Br CH; Вг CI 13 
no peroxides: 7/196 Igon none 
with peroxides: trace trace 100% 


Figure P5.36 
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5.27 Give the structures of both the reactise intermediate and 
the product in each of the following reactions: 


(a) CH.CIIECCH; - Br ж 


CH, 


(b) СЛМАЛМОСН, + НВг ж 


CH: 
(e) CH,CHSACCH, + HUgOAch + HO — 


ЄН. 


peroxndos 


нА Не: + HEr 


| 
ЄН. 


5.38. Trifluorotodemethane undergoes an addition to 
alkenes in the presence of light bs a free-radical chain 


mechanism. 


тыһ 
— y 


CH,CH.CH-CH=CH, = CE 
CH CH -CHCH—CH) — Ch, 


1 


The initiation step of this reaction i the 
light-induced homolysis of the C—1 bond: 


oe үм 
ГАШ, lih: 


C —1 Ce d 


(a) Using the fishhook notation. write the propagation 
seps of a Eree-radical chain mechanism for this 
reaction, 

(b) Predict which alkene would react more rapidly with 
CF lin tlie presence of light: 2-merhs ]- I pentene or 


GL i-mers 1-2-ретіспе. Explain vour choice. 


5.39 In thermal cracking (Sec. 5.8). bonds generally break 
honilsticalhs. 
(a) In the thermal cracking of 2.23: 3-10trame- 
thy ите, whieh bond would be most likels te 
break’? Explain. 
(b) Which compound, 2,2,3.3-tetrameths Пале or 
ethane, unilergoes thermal cracking: more rapidly ш 
a gh en temperature’? Explain, 
(c) Calculate the А for the initial earbon. carbon 
bond breaking for the thermal cracking ot 
both 2,2.3,3-4etramethyIbutane and cthane. Use the 
АН values in Table 5.2 as well as the АР of 
278.9 KJ mol. 
84.7 Ыта 


- 30,24 сант]! Use these calculations to justify 


2,2, 3. S-etramethisThuiane 4 
-A3,99 kcal mol 1 anal ethane i 


vour answer Lo part (hi, 


5.40) ra) What product would be obtained tram the avonoly- 
«i of natural rubber, followed by reaction with 
H-O." (Hint: Write out to units of the poly mer 
мае.) 


(by Gritte-percha is a natural poly mer that zi es the 
same ozonolysis product as natural rubber, Suggest 


a SIrüctlure Tor gutta-percha. 


5.41 Free-radical addition of thiots (molecules w ith the gen- 
eral structure RSH) is a well-known reaction, and it is 
ишин hy peroxides, 
ка Use information found in tables in this chapter plus 
the following information to calculate the € — 5 
bond dissociation eneres for ethanethieol 
(СИС. Ну Af? for ethanethiol, 46.15 
KJ mol 7: XA for SH. 143.1 KJ mol!) (To convert 
these energies into keal mol” divide by 4.184 
hb keal” 4 

the Using bord dissociation energies. Show that the re- 
action of a radical suchas (CH CO! «(rom homol- 
ysis od a peroxide imtiator] with палеа should 
be a good source of CH CHS: radicals. 

бс) Using bond dissociation energies, show that each 
propagation step of thiol addition te an alkene such 
as etis bene is exerhermie and therefore favorable. 
ге Study Problem 544. on p. 206) 


5.42 Although the addition of 1E—€N to an alkene could be 
em isioned to occur by a free-radical chain mechanism, 
saeh a reaclion is not observed. Justify each of the tol- 
lowing reasons with appropriate ealeulations using 
bond dissciation energies. 
fal The reaction of H -CN with iminaung 

(СНС——©- radicals is not à good source of CN 
radicals. 
thi The second proparatiei step ot the free-radieal il- 


dition is energeticalls untzxorable: 


RCHCHSCN = НСМ ж ВСН. € UN 


5.43 The halozenation of methane in the gas phase is an in 
dustrial method for the preparation of vertain alks | 
halides шы takes place bs the folles ing equation (x — 


halogen: 


AN + — НА 0 НА 


(a) This reaction takes place readily when X = Br or X 
= C]. but not when X = 1. Show that these observa- 
tions are expected from the AH” values of the reac- 
tions. Calculate the АН values from appropriate 
bond dissociation energies. 

(b) Explain why samples of methyl jodide (H,C— D 
that are contaminated with traces of HI darken with 
the color of iodine on standing a long time. 


8,44 The mechanism for the free-radical polymerization of 
ethylene shown in Eqs. 5.70a-c (pp. 214-215) is some- 
what simplified because it does not account for the ob- 
servation that low-density polyethylene (LDPE) con- 
tains a significant number of branched chains. (The 
branching accounts for the low density of LDPE.) It is 
believed that the first step that leads to branching is an 
internal hydrogen abstraction reaction that occurs 
within the growing polyethylene chain, shown in 
Fig. P5.44. 

(a) Use bond dissociation energies to show that this 
process is energetically favorable, 

(b) Show how this reaction can lead to a branched poly- 
ethylene chain. 


- 
I 
Cn 


(a) Draw the structure of polystyrene, the polymer ob- 
tained from the free-radical polymerization of 
styrene. 

(b) How would the structure of the polymer product 
differ from the one in part (a) if a few percent of 
| 4-divinylbenzene were included in the reaction 
mixture? 


H,C—CH ар CH=CH; 


1,4-divinylbenzene 


5.46 Ina laboratory a bottle was found containing a clear lig- 
uid A. The bottle was labeled. “С „Н, Isolated from а 
lemon." Because of your skills in organic chemistry, 


Qi 

d | 
СН CH; 

jC ш. 


ы 


ч 


Figure P5.44 
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you have been hired to identify this substance. Com- 
pound A decolorizes Br, in CH,Cl,. When A is hydro- 
genated over a catalyst, two equivalents of H, are 
consumed and the product is found to be 1-isopropyl-4- 
methyleyclohexane. Ozonolysis of A followed by treat- 
ment of the reaction mixture with Н.О, gives the fol- 
lowing compound as a major product: 


| @. 
| 
CH4iCCH;CH PEUT = — OH 
C=O 
| 
CH, 


Suggest a structure for A and explain all observations. 
(See Study Guide Link 5.3 if you need help.) 


ая 


STUDY GUIDE LINK 5.3 
Solving Structure 
Problems 


5.47 А compound A with the molecular formula C,H, de- 
colorized Br, in CH,Cl,. Catalytic hydrogenation of A 
gave octane, Treatment of compound A with O, fol- 
lowed hy aqueous Н.О. yielded butanoic acid (B) as the 
sole product. 


| 
CH;CH;CH,C —OH В 
butanoic acid 


What is the structure of compound A? What aspect of 
the structure of A is not determined by the data? 


5.48 Using the curved-arrow or fishhook notation, as appro- 
priate. suggest mechanisms for each of the reactions 
given in Fig. P5.48 on p. 224. 


——» — (CHCH) CH7 CH; 
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(a) ELC CH,CH=CH. 
S | iris 
Ссн, CH,CH—CH, H, НС CH;OH 
Ne 
„е М нс © 
н.с СН, 
HO OH 
(b) 


H 
|+ 
Br 


(c) Bridged-ion intermediates are involved in the following reaction. 


Cl 
+ “ыс: шым ——e RY 
sulfur dichloride Cl 


1,5-cyclooctadiene 


(d) For the following reaction, give the curved-arrow notation for only the reaction of the alkene 
with Hg(OAc). and H,O. Then show that the compounds that you obtain from this mechanis- 
lic reasoning can be converted into the observed products by the NaBH, reduction. 


Hg OAcI; NaBH, 


(5450) 14600} 


ч 
(63% total yield) 


roxide Е 
(e) HIC—CH(CH;&CH; + СВ — iem Rise Chi, ШЕНЕП. 
Br 
(96% yield) 


(f) Use the mechanism to predict the product of the following addition. (Hint: See Study Prob- 
lem 5.4 on p. 206.) 


CH; 
Cy + CHSSH . peroxides |. 


(g) This is a free-radical chain reaction initiated by homolysis of the O—Cl bond. 
O—CI 


as | 
CHCH, Сер CI — CH,CH;CH;,CH;CH;— C— CH;CH,; 
[spi vent) 


Figure P5.48 


alkene: HjJC—CH, {CH,}C==CH,  (CH,),C==CHCH, 
relative rate: 1,0 1.4 0.077 


Figure P5.49 
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5.49 Consider the reaction of a methyl radical (CH) with the reactions of these alkenes with BH, do not give tri- 

the zz bond of an alkene: alkylboranes. 

R R R | 5.51 fsobutylene (2-methylpropene} can be polymerized by 
C=C + «СН, —- ССН, treating it with liquid HF as shown in Fig. Р5.51. А 

p р d | | small amount of tert-butyl fluoride is formed in the 

reaction. Suggest a curved-arrow mechanism for this 

The relative rates of the reaction shown in Fig. P5.49 process, which is an example of cationic 

were determined for various alkenes. polymerization, 

(a) Draw the free-radical product of the reaction in each 5.52 In the sequence shown in Fig. P5.52. the second reac- 
case and explain. Поп is unfamiliar. Nevertheless, identify compounds A 

(b) Explain the order of the relative rates. and B trom the information provided. 


5.50 Equations 5.24a-c show the formation of trialkvIbo- The formula of compound B is C,H,. Compound В 

decolorizes Br, in CCI,. and takes up one equivalent of 
H, over a РИС catalyst. Once you have identified B. try 

lo give a curved-arrow notation for its formation [rom А 
in one step. 


ranes [rom alkenes and BH,. The reactions of BH, with 
2-methyl-2-butene and 2,3-dimethyl-2-butene, however, 
do not give trialkvIboranes (see Fig. P5.50). even with a 


large excess of alkene present. Suggest à reason why 


(4) 3(CH,J,C— CHCH, + BH, ——*  ((CH1CHCH —- BH 
2-methyl-2-butene UM 
"disiamvlborane" 
tbi CH; 
(CH;),C=CIiCH,}, + BH, — (CHj,5CHC— ВН. 
2,3-dimethyl-2-butene bu. 


"thexvlborane" 


Figure P5.50 


CH, CH, 
H#e—c=en; —5 i-i. { бы бей 
M s i 3 бн, 
2-methvipropene tert-butyl fluoride 


(small amount formed 


Figure P5.51 


(CH C — CH=CH, + НВг — А + other compound(s) 
[mostly] 


A+ HC—O: Nat ——- H,C—GH + Nat Br + В 
(a strong base} 


5 ih 
B+O, — SY (cHuic—o 


acetone 
tonly compound formed) 


Figure P5.52 
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ENANTIOMERS, CHIRALITY, AND SYMMETRY 


A. 


Principles of 
Stereochemistry 


This chapter and the one thal follows deal with stereoisomers and their properties. Steregiso- 
mers are compounds that have the same atomic connectivity. but à different arrangement of 
atoms in space. Reeall that £ und Z isomers of an alkene (Sec. 4.1B) are stereoisomers. in this 
chapter we H learn about other types ol stereorsomers, 

The study of stereoisomers and the chemical effects of stereotsomerism is called stereo- 
chemistry. A lew ideas of stereochemistry were introduced in See, 4.1 B. This chapter delves 
more generally mlo siereochemistey by concentrating on the baste definitions and principles. 
Web see how stereochemistry plaved a key role in ihe determination of the geometry of 
wiravalent carbon. Chapter 7 continues the discussion of stereochemistry hy considering both 
the stereuchemical aspects of evelie compounds and the application of stereochemical princi- 
ples to chemical reactions, 

The ase of molecular models during the study of this chapter is essential, Models will help 
you develop the ability to visualize three-dimensional structures and will make the two-di- 
mensional pictures on the page “come to life. TP you use modets now. sour тейипсе on them 
will eradually decrease. 


Enantiomers and Chirality 


Any molecule—indeed, any ohject—has a mirror image. Some molecules are congruent 10 
their mirror images. This means that all atoms and bonds in a molecule can be simultaneously 
superimposed with identical atoms and bonds in its mirror image. An example of such a mol- 
ecule is ethanol, or ethyl aleohol. HíC— CH.— OH (Pig. 6.1). Construct a model of ethanol 
and another mode] of its mirror image, and use the folio. ing procedure to show that these lwo 
models ure congruent. For simplicity. use a single colored ball to represent the methyl group 
and a single Ball of another color to represent the hydroxy © OH: group. Place the Iwo 
central carbons side by side and align the methy! and hydroxy groups, us shown in Fig. 6.1. 
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mirror plane 


all groups align 


therefore molecules 
are congruent 


Figure 6.1 Testing mirror-image ethanol molecules for congruence. One mirror image is shown with yellow 
bonds to distinguish it fram the other. Aligning the central carbons, the СН, groups, and the OH groups on the dif- 
ferent molecules causes the hydrogens to align as well. Notice that this alignment requires rotating one of the 
molecules in space. 


The hydrogens should then align as well. The congruence of an ethanol molecule and its mir- 
ror image shows that they are identical. 

some molecules, such as 2-butanol, are nor congruent to their mirror images (Fig. 6.2, 
p. 228), 


OH 


| 
Hee CH—C;H; 


2-butanol 


Build a model of 2-butanol and a second model of its mirror image. IF you align the carbon 
with the asterisk and any two of its attached groups, the other two groups do not align. Hence, 
a 2-butanol molecule and its mirror image are noncongruent and are therefore different mol- 
ecules. Because these two molecules have identical connectivities, then by definition they are 
stereoisomers. Molecules that are noncongruent mirror images are called enantiomers. Thus, 
the two 2-butanol stereoisomers are enantiomers. 

Enantiomers must not only be mirror images: they must also be noncongruent mirror im- 
ages. Thus, ethanol (Fig. 6.1) has no enantiomer because an ethanol molecule and its mirror 
image are congruent. 

Molecules (or other objects) that can exist as enantiomers are said to be chiral (pronounced 
ki’ rül): they possess the property of chirality, or handedness. (Chiral comes from the Greek 
word for hand.) Enanttomeric molecules have the same relationship as the right and left 
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mirror plane ara 
i 


align central carbon, 
СИН and —C3 As 


these groups fail to align 


therefore, molecules 
are noncongruent 


Figure 6.2 Testing mirror-image 2-butanol molecules for congruence. As in Fig. 6.1, the bonds of one mirror 
image are yellow. When the central carbon and any two of the groups attached to it (OH and С.Н. in this figure} 
are aligned, the remaining groups do not align. 


hands—the relationship of an object and its noncongruent mirror image. Thus, 2-butanol is a 
chiral molecule. Molecules (or other objects) that are not chiral are said to be achiral—with- 
out chiralitv. Ethanol is an achiral molecule. Both chiral and achiral objects are matters of 
everyday acquaintance. А foot or a hand is chiral; the helical thread of a screw gives it chiral- 
ity. Achiral objects include a ball and a soda straw. 
ES —— 


Importance of Chirality 

Chiral molecules occur widely throughout all of nature. For example, glucose, an important sugar 
and energy source, is chiral; the enantiomer of naturally occurring glucose cannot be utilized as a 
food source. All sugars, proteins, and nucleic acids are chiral and occur naturally in only one enan- 
tiomeric form. Chirality is important in medicine as well. Over half of the organic compounds used as 
drugs are chiral, and in most cases only one enantiomer has the desired physiological activity.In rare 
cases, the inactive enantiomer is toxic (see the story of the drug thalidomide in Sec. 6.4). The safety 
and effectiveness of synthetically prepared chiral drug molecules have become issues of increasing 
concern for both pharmaceutical manufacturers and the U.S. Food and Drug Administration (FDA). 


Study Problem 6.1 


1 - 


= 


STUDY GUIDE LINK 6.1 
Finding Asymmetric 
Carbons in Rings 


STUDY GUIDE LINK 6.2 
Stereocenters and 
Asymmetric Atoms 
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Asymmetric Carbon and Stereocenters 


Many chiral molecules contain one or more asymmetric carbon atoms. An asymmetric car- 
bon atom 1s a carbon to which four different groups are bound. Thus, 2-butanol (see Fig. 6.2). 
a chiral molecule, contains an asymmetric carbon atom; this is the carbon that bears the four 
different groups —CH,, —C,H., —H. and —OH. In contrast, none of the carbons of ethanol. 
an achiral molecule, is asymmetric. A molecule that contains only one asymmetric carbon is 
chiral. No generalization can be made, however. for molecules with more than one asymmet- 
ric carbon. Although many molecules with two or more asymmetric carbons are indeed chiral, 
not all of them are (Sec. 6.7). Moreover, an asymmetric carbon atom (or other asymmetric 
atom) 15 not a necessary condition for chirality; some chiral molecules have no asymmetric 
carbons at all (Sec. 6.9). Despite these caveats, it 1s important to recognize asymmetric carbon 
atoms because so many chiral organic compounds contain them. 


Identify the asymmetric carbon(s) in 4-methyloctane: 
CH; 


CH4CH;CH,CHCH;CH;CH;CH, 


Solution The asymmetric carbon is marked with an asterisk: 
CH; 


CH,CH;CH;CHCH;CE;CH;CH, 


This is an asymmetric carbon because it bears four different groups: Н, CH,. CH,CH,CH,, and 
CH,CH.CH.CH,. Notice that the propyl and butyl groups are not different at the point of attach- 
ment—both have CH, groups at that point. as well as at the next carbon removed. The difference 
is found at the ends of the groups. The point is that two groups are different even when the differ- 
ence is remote from the carbon in question. 


An asymmetric carbon atom 1s another type of stereocenter, or stereogenic atom. Recall 
(Sec. 4.1C) that a stereocenter is an atom at which the interchange of two groups gives a 
stereoisomer, In Fig. 6.2, for example. interchanging the methyl and ethyl groups in one enan- 
потег of 2-butanol gives the other enantiomer. If this point is unclear from Fig. 6.2, use mød- 
els to demonstrate thts to yourself. To do this, vou need to build rwo models. First construct a 
model of either enantiomer, and then construct a model of its mirror image. Then show that 
the interchange of алу two groups on one model gives the other model. 

Not all carbon stereocenters are asymmetric carbons. Recall (Sec. 4.1C) that the carbons 
involved in the double bonds of E and Z isomers are also stereocenters. These carbons are not 
asymrnetric carbons. though. because they аге not connected to four different groups. In other 
words, the term sftereocenter is not associated solely with chiral molecules. АН asvaunetric 
atoms are stereocenters, but not all stereocenters are asymmetric atoms. 


Chirality and Symmetry 

What causes chirality? Chiral molecules lack certain types of symmetry. The symmetry of any 
object (including a molecule) can he described by certain symmetry elements, which are lines, 
points, or planes that relate equivalent parts of an object. А very important symmetry element 
is a plane of symmetry, sometimes called an internal mirror plane. This is a plane that 
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I-4—— plane of 


^A = symmetry 
E 


plane of » 
— symmetry Q 


(а) (b) 


Figure 6.3 Examples of objects with a plane of symmetry. (a) A coffee mug. (b) An ethanol molecule. In the 
ethanol molecule, the plane bisects the H—C—H angle and cuts through the central carbon, the OH, and the CH;. 


divides an object into halves that are exact mirror images. For example. the mug in Fig. 6.3a has 
a plane of symmetry. Similarly, the ethanol molecule shown in Fig. 6.3b also has a plane of 
symmetry. A molecule or other abject that has a plane of symmetry is achiral. Thus, the ethanol 
molecule and the mug in Fig. 6.3 are achiral. Chiral molecules and other chiral objects do not 
have planes of symmetry. The chiral molecule 2-butanol, analyzed in Fig. 6.2. has no plane of 
symmetry. A human hand. also a chiral object. has no plane of symmetry. 

Another important symmetry element is the center of symmetry, sometimes also called a 
point of symmetry. A molecule has a center of symmetry if vou can reproduce it by first form- 
ing its mirror image and then rotating this mirror image by 180* about an axis perpendicular 
to the mirror (Fig. 6.4a). More descnptively, a center of symmetry 1s a point through which 
апу line contacts exactly equivalent parts of the object at the same distance in both directions 
(Fig. 6.46). Some objects, such as a box, can have both a center and planes of symmetry. 

The plane of symmetry and the center of symmetry are the most common symmetry ele- 
ments present in achiral objects. However, some achiral objects contain other, relatively rare, 
symmetry elements. How, then, can we tell whether an object is chiral? If a molecule has a sin- 
gle asymmetric carbon, it must be chiral. If à molecule has a plane of symmetry, a center of 
symmetry, or both, it is not chiral. If you are uncertain whether a molecule is chiral, Hie most 
general way to resolve the question is to build two models or draw two perspective structures, 
one of the molecule and the other of its mirror image. and then test the two for congruence. If 
the two mirror images are congruent, the molecule is achiral: if not, the molecule is chiral. 


PROBLEMS 
| PROBLEMS. 6.1 State whether each of the following molecules is achiral or chiral. 


(a) Cl (b) methane (с) C] id) H 
H 
А n" 
S 8 С] 8 H4C—N—CH;CHs Cl- 
E CH; CH,CH,CH, 


6.2 Ignoring specific markings, indicate whether the following objects are chiral or achiral. (State 
any assumptions that you make.) 
(a)ashoe (b)abook (c)apencil (d) а тап or woman 
(e) a pair of shoes (consider the pair as one object) (f) a pair of scissors 
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! 2 make mirror nige 


| rnirror plane 
É 


axis L lo mirror 


Figure 6.4 Center of symmetry. (a) If a molecule has a center of symmetry, forming the mirror image (1, top 
arrow) and then rotating the entire molecule 180°about an axis perpendicular to the mirror (2, bottom arrow) re- 
produces the molecule. (b) Any line through the center of symmetry (black dot) contacts equivalent points on the 
molecule at equal distances from the center. 


6.3 Show the planes and centers of symmetry (if any) in each of the following achiral objects. 


i (a) the methane molecule ih) a cone 
(c) the ethylene molecule (di the trans-2-butene molecule 
(е) the cis-2-butene molecule (f) the staggered conformation of ethane 
(2) the anti conformation of butane 
6.4 Identify the asymmetric carbon(s) (if any) in each of the following molecules. = 
(a) йул (Ъ) as (c) Ta 
аа qr. 9b is 


NOMENCLATURE OF ENANTIOMERS: THE R,S SYSTEM 


The existence of enantiomers poses a special problem in nomenclature. How do we indicate 
in the name of 2-butanol. for example, which enantiomer we have? It turns out that the same 
Cahn-Ingoid-Prelog priority rules used to assign E and Z configurations to alkene stereoiso- 
mers (Sec. 4.2B) can be applied to enantiomers. (The Cahn-Ingold-Prelog rules were, 1n fact, 
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Figure 6.5 Use of the Cahn-Ingold-Prelog system to designate the stereochemistry of (a) a general asymmet- 
ric carbon atom, (b) (R)-2-butanol, (c) (5)-2-hutanol.The direction of observation in each part is shown by the eye, 
and what the observer sees is shown on the right. Priority 1 is highest and priority 4 is lowest. 


first developed for asymmetric carbons and then later applied to double-bond stereoiso- 
merism.) A stereochemical configuration, or arrangement of atoms. at each asymmetric car- 
bon in a molecule can be assigned using the following steps, which are illustrated in Fig. 6.5. 


L. 


2 


Identify an asymmetric carbon and the four different eroups bound to it. 


. Assign priorities to the four different groups according to the rules given in Sec. 4.2B. The 


convention used in this text is that the highest priority = 1 and the lowest priority = 4. 


. View the molecule along the bond from the asymmetric carbon to the group of lowest 


priority—that 15, with the asymmetric carbon nearer and the lowest-priority group lar- 
ther away. 
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4. Consider the clockwise or counterclockwise order of the remaining group priorities. If 
the priorities of these groups decrease in the clockwise direction, the asymmetric carbon 
is said to have the А configuration (А = Latin rectus, for "correct," "proper" ). If the pri- 
orities of these groups decrease in the counterclockwise direction, the asymmetric car- 
bon is said to have the 5 configuration (5 = Latin sinister, for "left"). 


Study Problem 6.2 
- Determine the stereochemical configuration of the following enantiomer of 3-chloro- | -pentene: 


Cl 


HC=cH~ "Н 


CH;CH; 


Solution First assign relative priorities to the four groups attached to the asymmetric carbon. 
| These are (1) —Cl, (2) H,C—CH-—. (3) —CH,CH,, and (4) —H. Then, using a model if neces- 
STUDY GUIDE LINK 6.3 m oT ! | л < ct War ur rore Ner Ce AN 
Using Perspective sary, sight along ше һопа Бад the asymmetric carbon to ще lowest-priority group (in this case, 
Structures the Н). The resulting view is essentially a Newman projection along the C—H bond: 


С] Н is in back, 
| "i hidden 


Because the priorities of the first three groups decrease in a counterclockwise direction, this is the 
5 enantiomer of 3-chloro- | -pentene. 


А stereoisomer 1s named by indicating the configuration of each asymmetric carbon before 
the systematic name of the compound, as in the following examples: 


CH; CHCH н. 
! СН 
FM „C—C 
H'/ “CH=CH; үз 385 
CH,CH, CH Sci | 


( R)-3-methyl-1-pentene (35,45)-3,4-dimethylhexane 


(Be sure to verify these and other R.S assignments vou find in this chapter.) As illustrated by 
the second example, numbers are used with the A,S designations when a molecule contains 
more than one asymmetric carbon. 

The R.S system is not the only system used for describing stereochemical configuration. 
The D.L system. which predates the А, 5 system, is sull used in amino acid and carbohydrate 
chemistry (Chapters 24 and 26). With this exception, the А, system has gained virtually com- 
plete acceptance. 
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is R Right, or Is It Proper? 

Choice of the letter Я presented a problem for Cahn, Ingold, and Prelog, the scientists who devised 
the R,5 system. The letter 5 stands for sinister, one of the Latin words for left. However, the Latin word 
for right (in the directional sense) is dexter, and unfortunately the letter D was already being used 
in another system of configuration (the pt system). It was difficulties with the р, system that led to 
the need for a new system, and the last thing anyone needed was a system that confused the two! 
Fortunately, Latin provided another word for right: the participle rectus. But this "right" does not in- 
dicate direction: it means proper, or correct. (The English word rectify comes from the same root.) Al- 
though the Latin wasn't quite proper, it solved the problem! In passing, it might be noted that R and 
5 are the first initials of Robert 5. Cahn, one of the inventors of the 2,5 system (Sec. 4.2B). A 
coincidence? Perhaps. 


ВОВЕ 6.5 Draw perspective representations for each of the following chiral molecules. Use models if 
necessary. (D = deuterium = “H, a heavy isotope of hydrogen.) 
(a) (S)-H4C— a —OH (b) (2ZAR)-A4-methyl-2-hexene 


D 
6.6 Indicate whether the asymmetric atom in each of the following compounds has the R or 5 con- 
figuration. 
(а) S. „Он (b) Өн (ci Tm 
о ч 
е... „С T NET * 
| Soe = ™ CH :1CH;CH y к=. 7 2 
не У ноќ Г: / он; 
/ NH; CH; CH(CH4i) 
CH; | 
2С 

alanine O^ “он 

malic acid 


PHYSICAL PROPERTIES OF ENANTIOMERS: 
OPTICAL ACTIVITY 


Recall from Sec. 2.6 that organic compounds can be characterized by their physical properties. 
Two properties often used for this purpose are the melting point and the boiling point. The 
melting points and boiling points of a pair of enantiomers are identical. Thus, the boiling 
points of (R)- and (5)-2-butanol are both 99.5 °С, Likewise, the melting points of (R)- and 
(S)-lactic acid are both 53°C. 


OH QO 
Hac —GH —6 —0H 
lactic acid 


А pair of enantiomers also have identical densities, indices of refraction, heats of formation. 
standard free energies, and many other properties. 
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Figure 6,6 (a) Ordinary light has electric fields oscillating in all possible planes. (Only four planes of oscillation 
are shown.) (b) In plane-palarized light, the oscillating electric feld is confined ta a single plane, which defines the 
axis of polarization. 


If enantiomers have so many identical properties, how can we tell one enantiomer from the 
other? A compound and its enantiomer can be distinguished ру their effects on polarized light. 
Understanding these phenomena requires an introduction to the properties of polarized light. 


A. Polarized Light 


Light is a wave motion that consists of oscillating electric and magnetic fields. The electric 
held of ordinary light oscillates in all planes, but it is possible to obtain light with an electric 
held that oscillates in only one plane. This kind of light is called plane-polarized light, or 
simply, polarized light (Fig. 6.6). 

Polarized light is obtained by passing ordinary light through a polarizer, such as a Nicol 
prism (a prism made of specially cut and joined calcite crystals). The orientation of the polar- 
izer's axis of polarization determines the plane of the resulting polarized light. Analysis of po- 
larized light hinges on the fact that if plane-polarized light is subjected to a second polarizer 
whose axis of polarization is perpendicular to that of the first, no light passes through the sec- 
ond polarizer (Fig. 6.7a, p. 236). This same effect can be observed with two pairs of polarized 
sunglasses (Fig. 6.7b). When the lenses are oriented in the same direction, light will pass 
through. When the lenses are turned at right angles, their axes of polarization are crossed, no 
light is transmitted, and the lenses appear dark. 


Photography enthusiasts may recognize the same phenomenon at work in à polarizing filter. À great 
deal of the glare m reflected skylight is polarized light. This can be filtered out by turning a polariz- 
ing filter so that the image has minimum intensity. The resulting photograph has much greater con- 
trast than the same picture taken without the filter. 


B. Optical Activity 


If plane-polarized light is passed through one enantiomer of a chiral substance (either the pure 
enantiomer or a solution of it), the plane of polarization of the emergent light is rotated. A sub- 
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Figure 6.7 (а) If the polarization axes of two polarizers are at right angles, no light passes through the second 
polarizer. (B) The same phenomenon can be observed using two pairs of polarized sunglasses. 


stance that rotates the plane of polarized light 1s said to be optically active. /ndividual enan- 
Homers of chiral substances are optically active. 

Optical activity is measured in a device called a polarimeter (Fig. 6.8), which is basically 
the system of two polarizers shown in Fig. 6.7. The sample to be studied is placed in the light 
beam between the two polarizers. Because optical activity changes with the wavelength 
(color) of the light, monochromatic light—light of a single color—is used to measure optical 
activity. The yellow light from a sodium arc (the sodium D-line with a wavelength of 
589.3 nm) is often used in this type of experiment. An optically inactive sample (such as air 
or solvent) is placed in the light beam. Light polarized by the first polarizer passes through the 
sample, and the analvzer is turned to establish a dark field. This setting of the analyzer defines 
the zero of optical rotation. Next, the sample whose optical activity is to be measured Is 
placed in the light beam. The number of degrees a that the analyzer must be turned to reestab- 
lish the dark held ts the optical rotation of the sample. If the sample rotates the plane of po- 
larized light in the clockwise direction. the optical rotation is given a plus sign. Such a sam- 
ple is said to be dextrorotatory (Latin dexter meaning "right ^). If the sample rotates the 


6.3 PHYSICAL PROPERTIES OF ENANTIOMERS: OPTICAL ACTIVITY 237 


POLARIZER ANALYZER 


optically 
inactive sample 


TILI- | Al ы, 
| н | Ф ) qn 


ordinary polarized. — c polarization plane dark field 
light light Is unatiected observed 
Д! 
POLARIZER ANALY AER 


optically 
active sample 


| 


| 
| 


w i 
end on | E ) LL, Ба 
| 
View | P ' a 
\ ey - я d 
zx 
ordinary polarized plane of polarization dark field after 
Tu lighit is rotated hy rotating analyzer by e; 
a degrees e — optical rotation 


ibi 


Figure 6.8 Determination of optical rotation in a simple polarimeter. (а! First, the reference condition of zero ro 
tation is established as a dark field. (b) Next, the polarized light is passed through an optically active sample with 
observed rotation a. The analyzer is rotated to establish the dark-fleld condition again. The optical rotation «can 
be read from the calibrated scale on the analyzer. 


plane of polarized list in the counterclockwise direction. the optical rotation is given a minus 
sign. and the sample is said to be levorotatory i Latin kreves meaning "letti. 

The optiwal rotation of a sample is the quantitative measure of its optical activity. Phe ob- 
served optical rotation ec ds proportional to the number of optically active molecules present in 
the path through which the пие beam passes. Thus. ec is proportional to both the concentration 
eof the optically astie compound in the sample as well as the length A of the sample container: 


a ее? (1! 


The constant of proportionality, [ee]. ts called the specific rotation, By convention. the con- 
centration af the sample is expressed in grams per milliliter (& mL). and the path length is in 
decimeters (Иши. (For à pure Паши. c is laken as the densis? Thus. the speeiiie rotation is 
equal lo the observed rotation at a concentration of |g mL and a path length of 1 dm. Be- 
cause the specitie rotation [er] is independent of e and £L its used as the standard measure of 
optical activity. The observed rotation ts reported in degrees: henee. the dimensions of [0] are 
degrees ml. e^! dm? . (Often, specilie rotations are reported simply in degrees, with the other 
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Study Problem 6.3 


units understood.) Because the specific rotation of any compound varies with wavelength and 
temperature, [æ] is conventionally reported with a subscript that indicates the wavelength of 
light used and a superscript that indicates the temperature. Thus, a specific rotation reported 
as [а] has been determined at 20°C using the sodium D-line. 
One decimeter = 10 centimeters. The reason for using the decimeter as a unit of length is that the 
length of a typical sample container used in polarimeters 15 i dm. 


A sample of (5)-2-butanol has an observed rotation of + 1.03*. The measurement was made with a 
1.0 M solution of (§)-2-butanol in a sample container that is 10 cm long. What is the specific rota- 
tion [a]}" of (S)-2-butanol? 


Solution To calculate the specific rotation, the sample concentration in g mL~' must be deter- 

mined. Because the molecular mass of 2-butanol is 74.12, the 1.0 M solution contains 74.1 g L7! 
or 0.0741 g mL~' of 2-butanol. This is the value of с used in Eq. 6.1. The value of / is | dm. Substi- 
tuting in Ба. 6.1. [a]? = (+ L.03 degrees)/(0.0741 g mL^'X(1 dm) = +13.9 degrees mL g^ ат”. 


Optical Activities of Enantiomers 


Enantiomers are distinguished by their optical activities because enantiomers rotate the plane 
of polarized light by equal amounts in opposite directions. Thus, if the specific rotation lal; 
of (5)-2-butanol is + 13.9 degrees mL g^' dm™' (Study Problem 6.3), then the specific rota- 
tion of (R)-2-hutanol is — 13.9 degrees mL g^! dm" '. Similarly. if a particular solution of (,5)- 
2-butanol has an observed rotation of +3.5°, then a solution of (R)-2-butanol under the same 
conditions will have an observed rotation of — 3.5”. 

A sample of a pure chiral compound uncontaminated by its enantiomer is said to be enan- 
tiomerically pure. (The term optically pure is sometimes used to mean the same thing.) In à 
mixture of the two enantiomers, each contributes to the optical rotation in proportion to its 
concentration, as Eq. 6.1 shows. As a result, а sample containing equal amounts of two enan- 
tiomers has an observed optical rotation of zero. 

Sometimes a plus or minus sign is used with the name of a chiral compound to indicate the 
sign of its optical rotation. Thus, (5)-2-butanol is sometimes called (5)-( - )-2-butanol because 
it has a positive optical rotation, and ( R)-2-butanol is sometimes called (R)-( — )-2-butanol. 

The sign of optical rotation is unrelated to the R or S configuration of the compound. 
Thus, some compounds with the 5 configuration have positive rotations, and others have neg- 
ative rotations. Although the 5 enantiomer of 2-butanol is dextrorotatory ([a]j, = +13.9 de- 
grees mL g^! атт !), it is the R enantiomer of glyceraldehyde that is dextrorotatory. 


CH—O 
| 


ES 
/  CH,O0H 
OH 


(R)-(+)-glyceraldehyde 
[a]? = +13.5 degrees mL g^! dm7! 


The development of methods to predict reliably the signs and magnitudes for the optical 
rotations of chiral compounds ts a research problem of current interest. 
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PROBLEMS | е : | 
6.7 Suppose a sample of an optically active substance has an observed rotation of + 10^. The scale 


on the analyzer of a polarimeter is circular, so + 10° is the same as —350° or +370°, How 
would you determine whether the observed rotation is 4- 10? or some other value? 

6.5 ta) The specific rotation of sucrose (table sugar) in water is 66.5 degrees mL g ! dm !. What is 
Ihe observed optical rotation ina 1 dm path of a sucrose solution prepared from 5 g of su- 
crose and enough water to form 100 mL of solution? 

(b) Chemist Ree N. Ventdawil has said to you that he plans to synthesize the enantiomer of su- 
crose 50 that he can measure its specific rotation. You politely inform him that you already 
know the result. Expiain how you can make this claim. 


6.4  RACEMATES 


Further Exploration 6.1 
Terminology of 
Racemates 


A mixture containing equal amounts of two enantiomers is encountered so commonly that itis 
giver а special name; а racemate or racemic mixture. (in older literature, the term racemic 
medificutionm Was used.) A racemate is referred to by name in two ways. The racemáte of 2-bu- 
апо], For example. сап be called either cucemic 2-butanol ortt 3)-2-Bhutanol. 

Racemates рисах have physical properties that are different trom those of the pure 
enantiomers. For example. the melting point of either enantiomer of lactie acid tp. 234) is 
53 *C, but the melting point of racemic laette acid is 18 °C. The reason for the different mell- 
ing points is that the ersstal structures differ. Кеса fram Sec. 2.68 that the melting point 
largely reflects interactions between molecules in the crystalline solid. (imagine packing a 
dozen left «hoes—a "pure enantiomer —in a box, and then imagine packing six right shoes 
and six left shoes—a "racemate" —in the same box. The interactions among the shoes—the 
was they touch cach other—are different in the two cases.) The optical rotations of enan- 
tomers and racemates are another example of ditlering physical properties. The optical rota- 
tion o£ any гасене is zero, because a racemate contains equal amounts of (yo enantiomers 


whose optical rotations of equal magnitude and opposite sign exactly сапсе each other. 

The process of forming a racemate from a pure enantiomer is culled racemization. The sim- 
plest method of racemization Is ta mix equal amounts of enantiomers. As vou will learn. racem- 
мацоп can also occur as a result of chemical reactions, 

Because a pair ef enantiomers have the same boiling points. melting points. and solubitities— 
exactly the properties that are usually exploited in designing separalions-—the separation of 
enantiomers poses a special problem, The separation of a pair of enantiomers, called an enan- 
tiomeric resolution, requires special methods that are discussed In Sec. 6.8. 


Racemates in the Pharmaceutical Industry 


Over half of the pharmaceuticals sold commercially are chiral compounds. Drugs that come fram 
natural sources (or drugs that are prepared from materials obtained from natural sources) have al- 
ways been produced as pure enantiomers, because, in most cases, chiral compounds from nature 
occur as only one of the two possible enantiomers. (We'll explore this point in Sec. 7.8A.) Until reta- 
tively recently, however, most chiral drugs produced synthetically from achira! starting materials 
were produced and sold as racemates, The reason is that the separation of racemates into their op- 
tically pure enantiomeric components requires special procedures that add cost to the final prod- 
uct. (See Sec. 6.8.) The justification for selling the racemic form of a drug hinges on its lower cast and 
on the demonstration that the unwanted enantiomer is physiologically inactive, or at least that its 
side effects, if any, are tolerable. However, this is not always 50. 
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The landmark case that dramatically demonstrated the potential pitfalls in marketing a racemic 
drug involved thalidomide, a compound first marketed as a sedative in Europe in 1958. 


торге 


thalidomide 


The (R)-(-)-enantiomer of thalidomide was found to have a higher sedative activity than the 
(5)-( —)-enantiomer, but, as was typical of the time, the drug was marketed as the racemate for eco- 
nomic reasons. This drug was taken by a number of pregnant women to relieve the symptoms of 
morning sickness. It turned out, tragically, that thalidomide is teratogenic—that is, it causes horrible 
birth defects, such as deformed limbs, when taken by women in early pregnancy. Ап estimated 
12,000 children were born with thalidormide-induced birth defects, mostly in Europe and South 
America. The drug was never approved for use in the United States, although some was given to 
doctors and dispensed for “investigational use." 

Although it is believed that only the (S)-( —)-enantiomer of thalidomide is teratogenic, it has 
been shown that either enantiomer is racemized in the bloodstream. Hence, it is likely that the ter- 
atogenic effects would have been observed with even the optically pure R enantiomer. Neverthe- 
less, thalidomide illustrates the point that enantiomers can,in some cases, have greatly different bi- 
ological activities. 

A remarkable and happier postscript to the thalidomide story is evolving. One of the reasons that 
thalidomide is teratogenic is that it suppresses angiogenesis (the growth of blood vessels), which is 
essential for actively dividing cells. This effect is disastrous for a developing fetus, but is likely to be 
beneficial for cancer patients, because the suppression of angiogenesis has been found to be effec- 
tive in treating certain cancers in early trials. Thalidomide has been approved as part of a treatment 
for multiple myeloma and is also being used for a certain type of leprosy. Despite these potential 
benefits, it cannot be given to women who are pregnant or are likely to become pregnant. 

The pharmaceutical industry, spurred in part by the U.S.Food and Drug Administration (FDA), has 
with increasing regularity developed synthetic chiral drugs as single enantiomers rather than race- 
mates, thus ensuring that consumers will not have to contend with unanticipated side effects of 
therapeutically inactive stereoisomers. 


6.9 (а) Identify the asymmetric carbon of thalidomide. 
(b) Draw a structure of the teratogenic (5) enantiomer of thalidomide using lines, a wedge. 
and a dashed wedge to indicate the stereochemistry of this carbon. 


6.10 4 0.1 M solution of an enantiomerically pure chiral compound D has an observed rotation of 

-- 0.20? in a 1-dm sample container. The molecular mass of the compound is 150. 

(a) What is the specific rotation of D? | 

(b) What is the observed rotation if this solution is mixed with an equal volume of a solution 
that is 0.1 M in L, the enantiomer of D? 

(c) What is the ohserved rotation if the solution of D is diluted with an equal volume of 
solvent? 

(d) What is the specific rotation of D after the dilution described in part (c)? 

(e) What is the specific rotation of L, the enantiomer of D, after the dilution described in part 
(c)? 

(f) What is the observed rotation of 100 mL of a solution that contains 0.01 mole of D and 
0.005 mole of E? (Assume a 1-dm path length.) 
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6.11. Wha observed rotation is expected when a 1.5 M solution of (R)-2-butanol is mixed with an 
equal volume of a 0.75 M solution of racemic 2-butanol, and the resulting solution 15 
analyzed in a sample container that is 1 dm long? The specific rotation of (R)-2-butanol 
is -13.9 degrees mL g^! dma’. 


STEREOCHEMICAL CORRELATION 


Knowing how to assign the A or S designation to compounds with asymmetrie carbons (See. 6.2) 
I» one (hing, hut you can't appls this system to a molecule until vou know the actual three-di- 
mensional arrangement of its aloms—thuat is, its absolute configuration or absolute steren- 
chemistry. If vou were the first person to synthesize one enantiomer of a chiral compound, 
how would sou determine is absolute contigurutiaon? (i Recall that the sign of optical rotation 
cannot be used to assign an A or 5 conitguration: See. 6,30.) One way Is to use a variation of X- 
гау eryMallography called emneeiefous. dispersion. Although X-ray. crystallography is more 
widely used than 1t олсе was, 1t still requires special instrumentation and is not readily available 
in the average laboratory, The absolute conBgurations of most organie compounds are deter- 
mined instead by using chemical reactions to correlate them with other compounds of known abh- 
salute confieuratons. This process is called stereochemical correlation. 

To illustrate à stereochemical correlation, suppose vou have in hand an enantiomerically pure 
«ample of the following alkene. Also suppose that the absolute configuration and optical rotation 
of this alkene are know n from pres tous work: the & enantiomer has a negative optical rotation. 


“ош ш. 


CH, 
К enantiomer has чүү 5. 6.39 degrees ml g ! dm! 
Now immagine that you are the first person ever to subject this alkene to hy droboration—ox dation, 
and that you obtain the expected асо. You measure the optical rotaen ot this alcohol and 
find that it is neeatise. 
t: WEES 
| 


ИКЕЛЕ 
1-0 PhCH CHS C ————>® i Ph -CII— CH.CH. — Ol 


( Н А E i 
known configuration and unknown confiuuration; but 
optical rotation optical rotation is known trom 
experimental measurement LONE 


А search of the chemical literature reveals that no one has ever prepared this optically active 
alcohol by hydroboratton: oxidation or by any other method. The problem ts to determine its 
absolute conliguration, That 1s, is it te A or 5 enantiomer”? 

To salve this problem. we take advantuge of the tact that tity reaction seqienee dees mH 
break ану op the bands to the сатті earbon stein. Thus; the was that corresponding 
uroups are arranged about the asymmetric carbon must he the sume in both the reactant and the 
product, The absolute configuration oF thet alcohol ean then be determined from this exper- 
iment, because the —CH.CH.OH group of the product and the — CH —€C€H. group of the 
alkene are in the same stereochemical positions, Drawing the alcohol configuration so that it 
corresponds to the alkene contiguration. and applying the R.5 system to the resulting structure. 
shows that the alcohol has the Æ conlieurandon. 
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Ph ИЛ Ph 

| з ноен | "T 
CH=CH, CH;CH;— OH 

К К 


[t also follows from the sume experiment that the (alcohol has the 5 configuration hecause 
itis the enantiomer of the CR)-aleohol. Consequently. hydroboration-oxtdation of the alkene 
serves to establish the absolute conliguration of the alcohol. Once the configuration of the al- 
cohol is known, measurement of ils oplical rotation carrefafes its contiguration with the sign 
OF its optical rotation, 

Although both reactant and product in this example have the same ALS designations, thts 
does not have to be true in general. [t is possible for the &,5 designations of reactant and prod- 
uct to differ if a reaction results in a change in the relative priority of groups at the asymmet- 
ric carbon, as in Problem 6.12. In other words. it is not abwass true that a correlation reaction 
involving an А starting material will vicld an & product. 

To summarize: We can determine the absolute configuration of one compound by preparing 
Ho from another compound whose absolute. configuration. is known. This. approach is 
unambiguous when the bonds to the asymmetric atomis) are unaffected by the reaction, (A re- 
aclion that breaks these bonds could also be used ifthe stereochentical outeome of such a reag- 
uon had previously been carefully established. 


PROBLEMS E ; | | "m 
6.12 From the outcome of the following transformation, indicate whether the levorotatory enun- 
потег of the product has the К or 5 configuration. Draw a structure of the product that shows 


its absolute configuration. (Aim: The phenyl group has a higher priority than the vinyl group 
in the K,S system.) 
($)-( + )}-Ph —CH—CH=CH, + Н, 5 (-}-Ph—CH—CHL.CH, 
CH;CH;CH; CH;CH;Cll, 


6.13 Explain how you would use the alkene starting material in Eq. 6.2 to determine the absolute 
configuration of the dexirorotatory enantiomer of the following hydrocarbon: 


Ph—CH—CH;—CH, 
CH; 


Outline the possible results of your experiment and how you would interpret them. 


DIASTEREOMERS 


Up to this point, our discussion has focused on molecules with only one asymmetrie carbon. 
What happens when a molecule has Ако or more asymmetrie carbons’? This situation is illus- 
trated by 2.3-pentanediol. in which both carbons 2 and 3 are asymmetric. 


ӨН OF] 


| | 
Hi —i(41—CGH — CH wl, 
carbon number ; 


2,3-pentanediol 
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Q (25,35) 


WD (25,3) 


Figure 6.9 Stereoisomers of 2,3-pentanediol.In each model, the small unlabeled atoms are hydrogens. This illus- 
tration uses a particular conformation of each stereoisomer, but the analysis in the text is equally valid for any 
other conformation. (Try it!) 


Each asymmetric carbon might have the А or 5 configuration. With two possible configura- 
tions at each carbon, four stereoisomers are possible: 


(25.35) (2R.À3R) 
(25.3K) (2R.35) 


These possibilities are shown as ball-and-stick models in Fig. 6.9. What are the relationships 
among these stereoisomers? 

The 25,25 and 2R.3R isomers are a pair of enantiomers because they are noncongruent mir- 
ror images; the 25,38 апа 2R.35 isomers are also an enantiomeric pair. (Demonstrate this 
point to yourself with models.) These structures illustrate the following generalization: For a 
pair of chiral molecules with more than one asymmetric carbon to be enantiomers, they must 
have opposite configurations at every asymmetric carbon. 

Because neither the 25,38 and 25,32 pair nor the 2R,3R and 28,35 pair are enantiomers, they 
must have a different stereochemical relationship. Stereoisomers that are not enantiomers are 
called diastereoisomers, or more simply. diastereomers. Diastereomers are not mirror im- 
ages. АП of the relationships among the stereoisomeric 2.3-pentanediols are shown in Fig. 6.10 
(p. 244). 

Diastereomers differ in all of their physical properties. Thus, diastereomers have different 
melting points, boiling points, heats of formation, and standard free energies. Because di- 
astereomers differ in all of their physical properties. they can in principle be separated by con- 
ventional means, such as fractional distillation or crystallization. lf diastereomers happen to 
be chiral, they can be expected to be optically active, but their specific rotations will have no 
relationship. These points are illustrated in Table 6.1. which gives some physical properties 
for four stereoisomers and their racemates. 
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(25,35) — enantiomers h~ (2R,3R) 


diastereomers 


(25,3R) = enantiomers = (28,35) 


Figure 6.10 Relationships among the stereoisomers of 2,3-pentanediol. The pair of stereoisomers at opposite 
ends of any double-headed arrow have the relationship indicated within the arrow. Notice that enantiomers have 
different configurations at both asymmetric carbons. 


You have now seen an example of every common type of isomerism. To summarize: 


. isomers have the same molecular formula. 

. Constitutional isomers have different atomic connectivities, 

. Stereoisomers have identical atomic connectivities. There are only two types of 
stereoisomers: 
a. Enantiomers are noncongruent mirror images. 
b. Diastereemers are stereoisomers that are not enantiomers. 


t [3 == 


The structural relationships among molecules are analyzed by working with оле pair of 
molecules at a time. The flow chart in Fig. 6.11 provides a systematic way to determine the 
isomeric relationship, if one exists, between two nonidentical molecules. Study Problem 6.4 
illustrates the use of Fig. 6.11. 


BIA Properties of Four Chiral Stereoisomers 


| 1 
HiC—C—NH— CH—C— Oh 


| 
(ae 
С.Н, 
Specific rotation at 25 °С, Melting 
Configuration degrees mLg ' dm~’ point, ^C Relationship 
(25,35) +15 150—151 à 
(QR.3R) -15 150—151 | Ера 
Diastereomers 

(25,3R) +21.5 155—156 rantana 
(2R,35) -21.5 155—155 | 
racemate of 0 117—123 
(25,35) and (24,37) 
racemate of ü 165—166 
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Given: two nonidentical molecules 
Problem: What is their relationship? 


Do the molecules have 
the same molecular formula? 


The molecules are isomers 


The molecules are | 
not isomers (END) 


Do the molecules have 
the same atomic connectivity? 


The molecules are 
constitutional isomers (END) 


The molecules are 
stereoisomers 


Are the molecules 
noncongruent mirror images? 


The molecules are | The molecules are 
enantiomers ( END) | | diastereomers (END) 


p Leen 


Figure 6.17 Asystematic way to analyze the relationship between two nonidentical molecules, Given a pair of 
molecules, work from the top of the chart to the bottom, asking each question in order and following the appro- 
priate branch. When you get to a red box labeled "END," the isomeric relationship is determined. 


Study Problem 6.4 


Determine the isomeric relationship between the following two molecules: 


CH;CH; CHCH, 4 ‚ CHCH; 
C=C C=C 
or Чо do X 
H H CHCH H 


Solution Work from the top of Fig, 6.11 and answer each question in tum. These two molecules have 
the same molecular formula; hence, they are isomers. They have the same atomic connectivity; hence, 
they are stereoisomers. (In fact, they are the E and Z isomers of 3-hexene.) Because the molecules are 
not mirror images, they must be diastereomers. Thus, (E )- and (Z)-3-hexene are diastereomers. 


246 CHAPTER 6 • PRINCIPLES OF STEREOCHEMISTRY 


We can see from Study Problem 6.4 that double-bond isomerism is actually one type of di- 
astereomeric relationship. The fact that neither (E)- nor (Z)-3-hexene is chiral shows that 
some diastereomers are not chiral. On the other hand, other diastereomers are chiral. as in the 
case of the diastereomeric 2,3-pentanediols (shown in Fig. 6.9). 


MESO COMPOUNDS 


Up to this point, each example of a molecule containing one or more asymmetric carbon 
atoms has been chiral. However, certain compounds containing two or more asymmetric car- 
bons are achiral. 2,3-Butanediol provides an example: 


OH os 
H,C—CH—CH—CH, 
l 1 | П 


2,5-butanediol 


As with 2.3-pentanediol in Sec. 6.6, there appear to be four stereochemical possibilities: 
(25,55) (2R,3R) 
(25.3R) (2R.35) 


Ball-and-stick models of these molecules are shown in Fig. 6.12. Consider the relationships 
among these structures. The 25,38 and 24,34 structures are noncongruent mirror images, and 
are thus enantiomers. However, the 25,3R and 22.35 structures have а center of symmetry and 
are therefore achiral, In fact. these two structures are identical. We can demonstrate their iden- 
tity by rotating the 22.35 structure 180° about an axis perpendicular to the C2-C3 bond: 


(6.41 


riae 
пек 


___ 2855 (2S,3R) 
i identical | 


Hence, there are only tiree stereoisomers of 2.3-hutanediol, not four as it seemed at first, be- 
cause two of the possihilities are identical. 


The stereoisomer of 2,3-butanediol in which the configurations of the two asymmetric car- 

»- bons are different is an example of a meso compound, meso-2,3-butanediol. A meso com- 

Further Exploration 6.2 pound is an achiral compound that contains asymmetric atoms (1n this case, asymmetric car- 
Stereochemical | уела Жө рү A | ——- orn n =F TR 
Nomencisture of bons), Because a meso compound is congruent to its mirror image, if is nof ¢ hiral. Because It 15 
Meso Compounds not chiral, à meso compound cannot be optically active. Meso-2,3-butanedio] is a diastereomer 


of the (25.35)- and (2R,3A)-butanediols. A summary of the relationships between the stereorso- 
mers of 2.3-butanediol is given in Fig. 6.13. 

Notice carefully the difference between a meso compound and a racemate. Although both 
are optically inactive, a meso compound is a single achiral compound, but a racemate 15 a mix- 
ture of chiral compounds—specifically, an equimolar mixture of enantiomers. 
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Q (28,38) Q (2R,35) 


Figure 6.12 Stereoisomeric possibilities for 2,3-butanediol, As with Fig.6.9, this illustration uses a particular con- 
formation of each stereoisomer and the small unlabeled atoms on each model are hydrogens. 


{meso} 


Figure 6.13 Relationships among the stereoisomers of 2,3-butanediol. Any pair of compounds at opposite ends 
of the double-headed arrow have the relationship indicated within the arrow. The meso stereaisomer is achiral 
and thus has no enantiomer. 


The existence of meso compounds shows that some achiral compounds have asymmetric 
carbons. Thus, the presence of asymmetric carbons in a molecule is an insufficient condition 
for it to be chiral, unless it has only one asymmetric carbon. If a molecule contains n asym- 
metric carbons, then it has 2" stereoisomers unless there are meso compounds, If there are 
meso compounds, then there are fewer than 2” stereoisomers. 

The only real difference between a meso compound and any other type of achiral stereotso- 
mer is that a meso compound by definition contains asvewnetric atoms. Thus, neither cis-2- 
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butene nor trans-2-hutene is a meso compound. Although they are achiral, these stereoisomers 
have no asymmetric atoms. 

How do you know whether a molecule possesses a meso stereoisomer? À meso compound 
is possible only when a molecule with two or more asymmetric atoms can be divided into 
halves that have the same connectivity. (The word mese means "in the middle") 


CH; 
nat CH — OH 
the two halves of the molecule _ ees Row acq 
have the same connectivity 
| | CH — OH 
CH, 


Once you recognize the possibility of a meso compound, how do you know which stereoiso- 
mers are meso and which are chiral? First, in a meso compound, the corresponding asymmet- 
ric carbons in each half of the molecule must have opposite stereochemical configurations: 


CH; 
| CH— OH 
mesocompoundshave ——~ p 7 
opposite configurations — .. 1 | 
CH— OH 
CH; 


Thus, one asymmetric carbon in meso-2,3-butanediol (see Fig. 6.12) is A and the other is 5. An 
analogy is your two hands. held palm-to-palm so that corresponding fingers are touching. Taken 
as a single object. the pair is a “meso” object; its two halves (each hand) are mirror images. 

Another simple way to identify а meso compound, without assigning stereochemical con- 
figurations, is shown in Fig. 6.14. If any conformation of a molecule with asymmetric carbons, 
even an eclipsed conformation. is achiral. the molecule is meso. For example. Fig. 6.14 shows 
that an eclipsed conformation of meso-2.3-butanediol has a plane of symmetry and therefore 
must be achiral (Sec. 6.1C). Hence, meso-2.3-butanediol is achiral, even though it does not 
exist in this eclipsed conformation. (We'll learn in Section 6.10 why any achiral conformation 
15 sufficient to ensure that a molecule is achiral.) 


J plane of ч 


internal 
rotation 


Figure 6.14 А 180° internal rotation of (2R,35)-2,3-butanediol gives an eclipsed conformation that is achiral 
because it has a plane of symmetry (internal mirror plane), The existence of an achiral conformation (even an un- 
stable one) shows that (24,35)-2,3-butanedicl is a meso compound. 
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LEMS EP : i s 
CUN = 6.14 Tell whether each of the following molecules has a meso stereoisomer. 


(a) С] С] (bb cl (с) trans-2-bexene 
CH,CHCH,CHCH,  . CH,CHCH;CH,CH,;Cl 


6.15. Explain why the following compound has two meso stereoisomers. 


OH OH ‘ia 
H,C—CH—CH—CH—CH, 


(Hint: The plane that divides the molecule into structurally identical halves can go through 
one or more atoms.) 


ENANTIOMERIC RESOLUTION 


Ás noted in Sec. 6.4, the isolation of the pure enantiomers from a racemate (an enantiomeric 
resolution) poses a special problem. Because à pair of enantiomers have identical melting 
points, boiling points, and solubilities, we cannot exploit these properties for the resolution of 
enantiomers as we might for the separation of other compounds. How, then, are enantiomers 
separated? 

The resolution of enantiomers takes advantage of the fact that diastereomers, unlike enan- 
tomers, have different physical properties. The strategy used is to convert a racemate rerh- 
porarily into a mixture of diastereomers by allowing the racemate to combine with an enan- 
tiomerically pure chiral compound called a resolving agent. The resulting diastereomers are 
separated, and the resolving agent is then removed to give the pure enantiomer of the com- 
pound of interest. 


Analogy for a Resolving Agent 


Suppose you are blindfolded and asked to sort 100 gloves into separate piles of right- and left- 
handed gloves. (Never mind how you got into this predicament!) The gloves are identical except 
that 50 are right-handed and 50 are left-handed.The mixture of gloves is a"racemate." How would 
you separate them? You can't do it by weight, by smell, or by any other simple physical property, be- 
cause right- and left-handed gloves have the same properties. The way you do it is by trying each 
glove on your right (or left) hand. Your hand thus acts as an "enantiomerically pure" chiral resolving 
agent, A right-handed glove on your right hand generates a certain feeling (which we describe by 
saying "it fits"), and a left-handed glove on the right hand generates a totally different feeling. In 
fact, we could say that the right hand wearing the right-handed glove is the diastereomer of the 
right hand wearing the left-handed glove.The different sensations generated by the two situations 
are analogous to the different physical properties of diastereomers. After classifying each glove as 
"right" or "left" on the basis of this sensation, you then break the hand-glove interaction (you re- 
move the glove) and put the glove in the appropriate pile. You have thus converted the diastere- 
omer (the hand-glove combination) into the pure enantiomer (the glove) and the chiral resolving 
agent (the hand). 
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One common method used for enantiomeric resolution of actdie or basie compounds i5 di- 
astercomertc хай formation, This can be illustrated by the separation of the racemate of а 
phenethylamine into its enantiomers. 


МН. 


Ph—CH CH, 


ex-phenethylamine 


Amines are derivatives of immonta in which ene or more hydrogen atoms hase been replaced 
by organic groups, Diastereomerte salt formation involving amines takes advantage of the tact 
that amines. like ammonia. are bases: so. they react rapidly and quantitatively with carhoxylie 
acids ta form salts; 


О: IR 
ТОО Т ud І " * e " 
R— NH. H--O—C—R =” R—NH, :Q—C—R TT 
; | ; nk.-9-—1U0 
an amine à carboxylic acid ' 
га Bronsted base) Га Bronsted acid? M 
рк, = 4—5 а salt 


The resolving agent is an enmamtiemerieullv pure carbowvlic acil. In many cases. enantiomeri- 
calls. pure compounds used for this purpose ean be obtimed from natural sources; One such 
compound is (28.3/8)-«( + parlarie acid: 


COH Has 
" E d 
у ( 

ÓH COM 


(28,3 R)-(- )-artaric acid 


When (Co tartare avt reacts with the racemic amine. a mixture ol bao солоне salts 
iS formed: 


Ph COT H T CO T 
x s OH \ ғ „ОН 
э 6 NU Nd 
Пи ~cn, H М Ну NH, H X. 
FNH: OH COH CH. OH COH 
(К) (К) (К) : [51 IR) iR} 
| | 


- diastereomeric salts 


These salts are diastereomers because they differ in configuration ab endy ene of their three 
asymmetric curborts, (Enantiomers must differ ib erverv asymmetric garbon.) Because these 
salts are diastereomers. they have different рах seal properties. In this case. thes have signili- 
cantly different solubilities in methanol, a commonty used alcohol solvent. The Cs RR l-i- 
astereomer happens to be less soluble. and it тума ле selectivels from methanol. leasing the 
(RAR I-diastereomer in solution, fram which it may be recovered. Once either pure diastere- 
omer is in hand. the salt can be decomposed with base to liberate the water-insoluble. optically 
active amine, leaving the lartarte acid in solution as its conjugate-base айин, 


IWaOH + 


Ph 


NS ME 
y Ун, HJ 


CH, 
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EG H fi id Nat p 
£OQUH S yt 
Cm в с - 2H—OH 
: НИ CNH,H/Z Му. шы 
OH СОН CH; OH CO. Na x) 
[insoluble in хони ре in 
АЧ ма 
salt (5,5) 


Salt formation is such a simple and convenient reaction that it is often used for ihe enan- 
потег resolution of amines and carboxylic acids. 

Another method of enanliomerie resolution, and one used frequently in the pharmaceutical 
industry for the enantiomerie resolution of ervstalline solids. ts selective ervsialfizatiosn As 
vou may know fram your own laboratory work. crystallization is u slow process, and it some- 
times can be accelerated by adding a seed erystal of the compound to be crystallized. In selec- 
uve ervstallization, a solution of a racemate i cooled to supersaturation and a seed crystal of 
the desired enantiomer is added. In this case, the seed erystal serves as the resolving agent and 
promotes crystallization of the desired enantiomer. 

How is the formation of diastereomers involved in selective crystallization” The seed erys- 
lal ean grow in two ways: IE can corporate more molecules of the seme enantiomer or some 
molecules of the opposite enantiomer. These two possibilities generate two diastereemeric 
crystals. Because the ervstals are diastereomeric. they have different properties- specilically. 
different solubilities. It is common that the "pure" erystal the erystal containing molecules 
of only one enantiomer has the higher melting point, and thus the lower solubility. (Given 
[wo compounds closely related in structure, the compound with the higher melting point tends 
lo be less soluble.) Hence. the pure enantiomer crystallizes selectively. 

Diastereomeric salt [formation and selective ervstallization are onb Iwo of many methods 
used for enantiomerie resolutions, Whatever the method. however. the principle involved in 
most resolutions is the same: An enantiemerically pure resolving agent is used to form rer- 
perarily à mixture of diastereomers [rom a racemate. It is the difference in the properties of 
these diastereomers that is ultimately exploited in the separation. 


| PROBLEM 6.16 Which of the following amines could in principle be used as a resolving agent for a racemic 


carboxylic acid? 
(--Ph—CH —NH. — (5)Ph—CH—NH, H,C—NH, 
CH, CH; C 
А В 


The existence of mese compounds demonstrates that the presence of asymmetric carbons 15 
an insufficient condition lor the chirality of à molecule. In this section; you will learn that the 
presence of an asymmetric atom is also imiecessary for chirality. [n other words, some chiral 


molecules contain по asymmetric atoms; An example is the pair of molecules shown in 


Fig. 6.15 (p. 252). These two molecules are лелеее mirror iniages and are therefore 
enantiomers, Е necessary, binld models of them and convince yourself that this 18 s0.) 
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nmurror 


Figure 6.15 Enantiomers of a chiral molecule that has no asymmetric carbon atoms.The enantiomers are drawn 
to show their mirror-image relationship. Although these molecules contain no asymmetric carbon atoms, they do 
contain stereocenters (stereogenic atoms). The stereogenic carbons are shown in magenta. 


Although the molecules in Fig. 6.15 contain no asymmetric carbons, each contains three 
carbon stereocenters, shown in magenta in the figure. You can verify that any one of these car- 
bons is a stereocenter by interchanging any two groups bound to it: this interchange generates 
the other enantiomer. To illustrate, let's interchange the two ring bonds at the stereocenter in 
the middle of the molecule. 


enantiomers 


НС, 
n \ 
break CH; НС 
mirror 
plane 
reconnect ess 


CH; ^ CH; 


reconnect 


CH; 
interchange | = 
(turn 180°) rotate 180 


(Be sure to show that a group interchange at each of the other two stereocenters also gives 
enantiomers. ) 

Molecules such as this one are important because they demonstrate the phenomenon of chi- 
rality without asymmetric atoms. Nevertheless, such cases are relatively rare. Most of the chiral 
molecules you'll] encounter will contain one or more asymmetric carbons. 
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PROBLED А фә. e Р : ; 
6.17 Indicate whether each compound is chiral. Identify the stereocenters (if any) in each, and in- 


dicate whether each stereocenter is an asymmetric carbon. 


(a) Cl (b) Cl 
H | 
+ ET. un . 
C—N des Je CH; 
CH; 
eM mue, 


CH; 


6.10 CONFORMATIONAL STEREOISOMERS 


A. Stereoisomers Interconverted by Internal Rotations 


Because butane, CH,CH,CH,CH,, has no stereocenters, you might conclude that it cannot exist 
in stereoisomeric forms. However, an examination of the individual conformations of butane 
(Sec. 2.3B) leads to a different conclusion. As shown in Fig. 6.16, the two gauche conforma- 
tions of butane are noncongruent mirror images, or enantiomers; consequently, gauche-butane 
is chiral! (This is another situation in which chirality exists in the absence of an asymmetric 
atom.) The two gauche conformations of butane are conformational enantiomers: enan- 
tomers that are interconverted by a conformational change. The "conformational change" in 
this case is an internal rotation. The anti conformation of butane, in contrast, is achiral (verify 
this!) and is a diastereomer of either one of the gauche conformations. Anti-butane and either 
one of the eauche-butanes are therefore conformational diastereomers: diastereomers that 
are interconverted hy а conformational change. 


mirror 


(al mirror images (h) the two mirror images 
are not congruent 


Figure 6.16 (a) The two gauche conformations of butane are mirror images. The mirror images are shown with 
different colors for the bonds. (b) Because these mirror images are not congruent, they are enantiomers, 
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Despite the chirality of anv one gauche conformation of butane. the compound bulane 1s 
nor optically active because the two gauche conformations are present in equal amounts, The 
optical activity of one gauche enantiomer thus cancels the optical activity of the other. (The 
апи conformation, because it 15 achiral, would not be optically active even IP il were present 
alone.) However, imagine an amusing experiment in which the two gauche conformations of 
hulane are separated thy an as yet undisclosed method!) at such a low temperature that the im- 
terconversion of the gauche and anti conformations of butane is vers slow. Each genche-bu- 
tane isomer. like any chiral molecule, would then be optically active! The two gauche isomers 
would have equal specific rotations of opposite signs, but many of their other properties would 
be the same. Because ogti-butane is achiral. i£ would have zero optical rotation, and all of its 
properties would differ [rom those of its diustereomer ganche-butane. The isolation of individ- 
ua] conformations is impossible at room temperature. because the butane isomers come fo 
equilibrium within 10^" second by rotation about the central carbon-carbon bond. (This is an- 
other example ol racemization: Sec. 6.4.) 

This discussion of bulane conformations forces us to focus more closely on what we mean 
when we say that a molecule is chiral or achiral. Strictly speaking, the terms cera and ach- 
raf can only be applied to а single rigid object. Thus, each gauche conformation of butane 1s 
chiral, and the ant conformation is achiral. Butang 1s a emare of conformations, however, 
and therefore a mixture of “objects.” Chemists have brosdened the use of the terms efr and 
achiral ta molecules that consist of many conformations by introdueing the dimension of rige 
into the definitions in the following wav: A melecnfe ix said to be achiral when it consists of 
rapidly equilibraing enantiomeric conformations that cannot be separated on any reasonable 
tme хеше. In butane. therefore, the гару equilibrating conformations are the two gauche 
contormations. We could never isolate each conformation on any reasonable [ипе seale be- 
cause the equilibration is too fast, When we think of butane in this way. then, we are in effect 
considering it as one ohjeet with a fime-averaged conformation that is achiral. 

We don't necessarily have to examine every conformation of a molecule lo determine 
whether it is achiral. [f we know that the conformational equilibrium is rapid tas tt is l'or most 
simple molecules). then the molecule is achiral if we can find өле achiral conformation. This 
Is true because, once the molecule ts in an achiral conformation. formation of either enan- 
tiomeric conformation is equally likely. 


enantiomers eauche contormatians 
РЙ ; ` 
HC ну 2 ak си 
T 
H H 11 H 
H "oem V om H 
т achiral eclipsed conformation M 

enantiomeric gauche conformations 


H CH, H 
FF achiral anti conformation TET 


Thus. recognizing that either the anti or eclipsed conformation of butane in Eq. 6.8 is achiral 
Is sufficient tor us to know that any chiral conformation of butane must be in rapid equilibrium 


^ 


Further Exploration 6.3 
Isolation of 
Conformational 
Enantiomers 
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with its enantiomer, and that butane is achiral as a result. We encountered the same idea with 
meso compounds (Fig. 6.14, p. 248). Meso compounds are like butane in the sense that they 
contain at least one achiral conformation and rapidly interconverting enantiomeric conforma- 
tions (Problem 6.19). (They differ from butane by the presence of asymmetric carbons.) It fol- 
lows that a molecule is chiral only if it has ze achiral conformations or, equivalently, only if 
all of its conformations (even its unstable eclipsed conformations) are chiral, 

Once chemists realized that an achiral molecule could possess enantiomeric conforma- 
tions, they started looking for—and found—molecules consisting of conformational enan- 
tomers that interconvert so slowly that the individual enantiomeric conformations can be iso- 
lated. (See Further Exploration 6.3.) 


PROBLEMS Mg | ; А 4 : i 
PROBLEMS | 6.15 Taking the anti conformation of butane as an isolated structure, determine whether it has any 


stereocenters. If so, identify them. 


6.19 (a) What are the stereochemical relationships among the three conformations of meso-2,3- 
butanediol (the compound discussed in Sec. 6.7)? 
(b) Explain why mese-2,3-butanediol is achiral even though some of its conformations are 
chiral. 
6.20 Which of the following compounds could in principle be resolved into enantiomers at very 
low temperatures? Explain. 
(a)ethane (b)propane (c)2,3-dimethylbutane (4) 2,2,3.3-tetramethylbutane 


B. Asymmetric Nitrogen: Amine Inversion 


Some amines, such as ethylmethylamine, undergo а rapid interconversion of stereoisomers, 
S 
Н;С 3 
C-H; 
ethylmethylamine 


Ethylmethylamine has four different groups around the nitrogen: a hydrogen, an ethyl group. 
a methyl group, and an electron pair. Because the geometry of this molecule is tetrahedral. eth- 
ylmethylamine appears 10 be a chiral molecule—it should exist as two enantiomers. The 
asymmetric atom Is a nitrogen. 


mirror plane 


" 
LE E "T 


‹ y T 
N., LN 
H^ONCH, ВСУ ~ 


enantiomers of | 
ethylmethylamine| 


In fact, the two enantiomers of amines such as ethyimethylamine cannot be separated. be- 
cause they rapidly interconven by a process called amine inversion, shown in Fig. 6.17 (р. 256). 
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transition state 


sp*-hvbridized nitrogen 


[a] 


== enantiomers 


(b) 


Figure 6.17 Inversion of amines, (a) As the inversion takes place, the large lobe of the electron pair appears to 
push through the nitrogen to the other side. As this occurs, the three other groups move first into a plane contain- 
ing the nitrogen, then to the other side (green arrows). (b) The mirror-image relationship of the inverted amines is 
shown by turning either molecule 180° in the plane of the page. Because the two mirror images are noncongru- 
ent, they are anantiomers 


In this process, the larger lobe of the electron pair seems to push through the nucleus to emerge 
on the other side. The molecule is not simply turning over: it is actually turning itself inside out! 
This is something like what happens when an umbrella turns inside-out in the wind. This process 
occurs through a transition state in which the amine nitrogen becomes sp7-hybridized. Figure 
6.17b shows that amine inversion interconverts the enantiomeric forms of the amine. Because 
this process 15 rapid at room temperature, it is impossible to separate the enantiomers, Therefore, 
ethylmethylamine is a mixture of rapidly interconverting enantiomers. Amine inversion 15 yet 
another example of racemization (Sec. 6.4). 


6.21 Assume that the following compound has the 5 configuration at its asymmetric carbon. 
СН, 
CHiCH;— CH —N: 
CH; СН: 


(а) What is the isomeric relationship between the two forms of this compound that аге inter- 
converted by amine inversion? 
(b) Could this compound be resolved into enantiomers? 
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DRAWING STRUCTURES THAT CONTAIN 
THREE-DIMENSIONAL INFORMATION 


When we draw structures on paper. we are limited lo what we can бери on the two-dimen- 
sional page, By now you know that because many molecules are three-dimensional, some con- 
ventions are Necessary for providing three-dimenstonal information on a two-dimensional sur- 
face, This is essentially a problem of showing perspectise in our structures, amd we want to be 
able to do this in a straightlorward way without having to attend art school! 

In many cases, we can answer a question of interest by restricting our attention to the con- 
Formations about one particular bond, We'll use three ways to represent such conformations: 


|. Newman projections 

Jo Sawhorse projections 

А, Line-und-wedge structures 
To illustrate each of these; we IH use one of the three staggered conformations of (25.3.5)-2.3- 
pentanedied about the C2-C3 bond, Be sere to fellow this with modet’ 


Dn Of 
| 
CH4,CH— CHCH.CH, 


2,3-pentanedial 


New man projections were first discussed in Sec. 2.3. The following is à Newman projec- 
tion of the conformation that se H use to illustrate the other (vo representations: 


HO. АН, 


‘a 
uc 


[i 


one conformation of 
(25,35)-2,3-pentanediol 


You should construct a model of this conformation and use it to follow the subsequent discussion, 
A sawhorse projection is a view of the projected bond as Wo we were looking at the mode] 
from above and te the right of the model, To draw a sawhorse projection, follow these steps: 


14 irbon farther from HO. („Н 
A" — the observer ы E 


| 
Е ees ! f oH 
5 the ons et o 
Step 1. Draw a fong projected Step 2. Add the bands at Srep 3. Add the atoms or sroups. 
bond abour ДА) [rom the vertical. either end. Tis is the sawhorse projection. 


US 4 


(We could draw a sawhorse projection viewed from any direction. but we I adopt the stew in 
Ey. 6.9 as our "standard" sawhorse. | 
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Line-and-wedge structures are extensions of the technique introduced on p. 16 for draw- 
ing the bonds to tetrahedral carbon. As before, we'll use lines to represent bonds in the plane 
of the page, solid wedges to represent bonds emerging in front of the page, and dashed wedges 
to represent bonds receding behind the page. Now, however, we'll learn how to do this for two 
or more carbons simultaneously. (Line-and-wedge structures are sometimes called Cram 
projections after Professor Donald J. Cram of the University of California, Los Angeles 
[1919—2007; Nobel Prize in Chemistry, 1987]). To draw a line-and-wedge structure, we draw 
the hond of interest and two attached bonds in the plane of the page as if we're looking at the 
structure “side-on.” If you look at a model this way, you'll see that the groups behind the page 
are obscured by the groups in front (view A in Eq. 6.10). We then tilt and turn the model 
slightly as shown by the green arrows to give view В, and then draw the structure by imagin- 
ing that the model is projected (that ts, flattened) onto the page. The turn about the vertical axis 
can be in whichever direction brings all of the groups clearly into view. Notice the relation- 
ships hetween the wedged and dashed bonds. In the view shown in Eq. 6.10, for example, the 
dashed (receding) bonds are above the wedged (emerging) bonds on the page. 


OH is obscured 


lur" 
г> ls 
| Ш 
i 
I 
і 
У 
| slight P OH 
І | rotations i CH: 
------- J mno 70 c—c cree 
> Г HC" 
(* tili 2 / N 
H H 
f line-and-wedge structure 
view В 
CH is partially obscured 
view А (6.10) 


To draw an eclipsed conformation, view the model side-on (view A} and simply tilt the 
structure slightly (view В). Project this view onto the page by exaggerating the separations and 
lengths of the solid wedges and dashed wedges slightly. 


HO OH 
slight \ / 
rotation € — С. 
= udi rr 
Hcy V 
H C-H; 
line-and-wedge structure 
H is obscured 
view В 
Cs 15 partially obscured 
view А (6.11) 


Drawing the conformation of a molecule about more than one bond is relatively straight- 
forward when successive bonds can be drawn in the plane of the page. For example, one con- 
formation of (25,3R,45)-2,3,4-hexanetriol can be drawn as follows: 


PROBLEMS 
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HO H H OH 
* / % f 


C [© CH, 
H.C C C d 
; я one conformation of 


HO H H н  dQSS3RAS)-2,34-hexanetriol 


This is drawn with the same procedure used in Eq. 6.10: Draw the bonds in the plane of the 
page and imagine that the molecule is turned and tilted slightly as shown by the green arrows 
so that the receding bonds are not obscured. 

It is possible to draw алу structure if we are artistic enough. When we try to draw perspec- 
tive views of highly branched structures, however, the task becomes difficult. Fortunately, the 
three techniques introduced here will meet most of our needs. We'll also learn about the con- 
formations of cyclic compounds in Chapter 7 and how to draw them. 


6.22 Draw a Newman projection of the conformation of (2.5, 3R,4.5)-2,3,4-hexanetriol (shown above) 
(a) about the C2-C3 bond, with C2 nearest the observer; and (b? about the C5-C4 bond, with 
C5 nearest the observer. 
6.23 Draw (a) sawhorse projections and (b) line-and-wedge structures for all three staggered con- 
formations of butane. 
6.24 (a) Draw a sawhorse projection and a line-and-wedge structure for the conformation of meso- 
2.3-dibromobutane in which the methyl groups are anti. 


|" Вг 

| 
CHCH — CHCH; 
2,3-dibromobutane 


(b) Draw a sawhorse projection and a line-and-wedge structure for the conformation of 
(25.35)-2,3-dibromobutane in which the methyl groups are anti. 

(c) Draw a sawhorse projection and a line-and-wedge structure for the (unstable) eclipsed 
conformation of meso-2,3-dibromobutane with the methyl groups oriented in à "down" 
position. 


Chemists recognized the tetrahedral configuration of tetracoordinate carbon almost one-half 
century before physical methods confirmed the idea with direct evidence. This section shows 
how the phenomena of optical activity and chirality played key roles in this development, 
which was one of the most important chapters in the history of organic chemistry, 

The first chemical substance in which optical activity was observed was quartz. It was dis- 
covered that when a quartz crystal is cut in a certain way and exposed to polarized light along 
a particular axis. the plane of polarization of the light is rotated. In 1815, the French chemist 
Jean-Baptiste Biot (1774—|862) showed that quartz exists as both levorotatory and dextrorota- 
tory crystals. The Abbé René Just Haüy (1743-1822), a French crystallographer, had earlier 
shown that there are two kinds of quartz crystals, which are related as object and noncongruent 
mirror image. Sir John F, W. Herschel (1792-1871), a British astronomer, found a correlation 
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between these crystal forms and their optical activities: one of these forms of quartz is dextro- 
rotatory and the other levorotatory. These were the seminal discoveries that clearly associated 
the chirality of a substance with the phenomenon of optical activity. 

During the period 1815-1838, Biot examined several organic substances, both pure and in 
solution, for optical activity. He found that some (for example, oil of turpentine) show optical 
activity, and others do not. He recognized that because optical activity can be displayed by 
compounds in solution, it must be a property of the molecules themselves, (The dependence of 
optical activity on concentration, Eq. 6.1, is sometimes called Biot's law.) What Biot did nor 
have a chance to observe is that some organic molecules exist in both dextrorotatory and lev- 
orotatory forms. The reason Biot never made this observation is undoubtedly that many opti- 
cally active compounds are obtained from natural sources as single enantiomers. 

The first observation of enantiomeric forms of the same organic compound involved tar- 
taric acid: 

| OH OH O 


ae 
HO—C—CH—CH—C—OH 


tartaric acid 


This substance had been known by the ancient Romans as its monopotassium salt, tartar, 
which deposits from fermenting prape juice. Tartaric acid derived from tartar was one of the 
compounds examined by Biot for optical activity: he found that it has a positive rotation. An 
isomer of tartaric acid discovered in crude tartar, called racemic acid (racemus, Latin. "a 
bunch of grapes”), was also studied by Biot and found to be optically inactive. The exact struc- 
tural relationship of (+ )-tartaric acid and tts isomer racemic acid remained obscure. 

АН of these observations were known to Louis Pasteur (1822—1895), the French chemist 
and biologist. One day in 1848 the young Pasteur was viewing crystals of the sodium ammo- 
nium double salts of (+ )-tartaric acid and racemic acid under the microscope. Pasteur noted 
that the crystals of the salt derived from (+ )-tartaric acid were hemihedral (chiral). He noted. 
too, that the racemic acid salt was not a single type of crystal, but was actually a mixture of 
hemihedral crystals: some crystals were “right-handed.” like those in the corresponding salt of 
(+ )-tartaric acid, and some were “left-handed” (Fig. 6.1 8a; thus the name “racemic mixture”). 
Pasteur meticulously separated the two types of crystals with a pair of tweezers, and found 


dextrorotatory levorotatory optically inactive 


(a) 1:7 


Figure 6.18 Diagrams of the crystals of the tartaric acid isomers that figured prominently in the history of stere- 
ochemistry. (a) The chiral crystals of sodium ammonium tartrate separated by Pasteur. (b) The achiral crystal of 
sodium ammonium racemate that crystallizes at a higher temperature. 
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that the riehi-handed crystals were identical in every way to the erystals of the salt of + ра 
tarie acid, When equally concentrated solutions of the two Iypes of crystals were prepared, he 
found that the optical rotations of the left- and night-handed crystals were equal in magnitude, 
but opposite in sign. Pasteur had thus performed the first enantiomeric resolution hy human 
hands! Racemie acid, then, was the first organie compound shown to exist as enaptiomers 
object and noncongruent mirror image. One of these mirror-image molecules was identical to 
{ч karnane acid. but the other was previously unknown. Pasteurs own words tell us what then 
look place. 


aged me in communication with Brot. who had 
doubts concerning their accuracy. Being charged with giving an üevount ef them te the Academy. he 


The announcement ol the above faets naturally p 


made me come to him and repeat before his very eves the decisive experiment, He handed over to me 
моти raceme awid chat he himsel had studded wit particular care; and that he found Бе perfectly 
indifferent to polarized light, | prepared the double salt in his presence with soda amd ammonia Пин 
he also desired to provide. The Паш was set aside for slows evaporation in one of his rooms. Wher 
it had Furnished about thirty to forty erams of ers stals, he asked me te galt ar the College de France 
order to collect them and isolate. berore his sers eyes, hy recognition or their ervstallaegraphie 
character, the rieht and left crystals, requesting nae to state onee mere whether | really affirmed that 
the ersstals that | should phige at hts right weuld realls desiate [the plane ot polarized light] to the 
right and the others tothe lelt. This dene, he told me that he would undertake the rest. Te prepared 
the solutions with carefully measured quantities; and when reah to examine them m rhe polarizing 
apparatus, he ence more m ted me te come mto Dus room. He first placed in the apparatus the more 
interesting solution, that whieh should deviate lo the let? [pres ieusdIy unknown |. Without een mak- 
mg aanedsurement. he saw bs the tints of the images... the analyzer that there was a strong dei- 
alien po the jett. Then. very sistbls affected. the illustrieus eld man took me by the anm and sail "А 
dear child. I hase loved sceienee se much all ms Hre that dis makes my heart throb!" 


seurs discovery of the two types of crystals of racemic acid was serendipitous tacciden- 
kalo. [Lis now known that the sedium ammonium salt of racemie acid Forms separate righi- and 
left-handed ervsrals. only at temperatures. below 26°C. Had Pasteurs laboratories been 
warmer, he would not have made the discovery, Above this temperature. this salt forms oniy 
one type of crystal: a helehedrat cachiral? ers stal of the racemuate! (Fig. 6.) 8h) From his dis- 
coer and from the work of Brot. which showed that optical activity is a тоес property. 
Pasteur recognized that some molecules could. dike the quartz erystals. have an enantiomeric 
relationship, but hie was never able to deduce a struetural basis for this relationship. 


PROBLEMS : ; ; E 
| PROBLEMS. 6.25 As described in the previous account, Pasteur discovered two stereoisomers of tartaric acid. 
Draw their structures [you cannot tell which is (+) and which is ( —)]. Which stereoisomer of 


{атас acid was vet to be discovered? (It was discovered in 1906.) What can you say about 
its optical activity? 

6.26 Think of Pasteur s enantiomeric resolution of racemic acid in terms of the “resolving agent" 
idea discussed in Sec. 6.8, Did Pasteur’s resolution involve a resolving agent? If so, what 
wis tl 


in 1874. Jacobus Hendricus san d Hoff (1882-191) EL); a professor at the Veterinary College 
at Utrecht. The Netherlands. and Achille Le Bel {1847-1930 a French chemist. Indepen- 
Jenthy arrived at the idea that if a molecule contains a carbon atom bearing four different 
groups, these groups сап he arranged in different ways to give enantiomers. Yanti Ной sug- 
vested a letrahedral arrangement of groups about the eentral carbon. but Le Bel was fess spe- 
cite. мал Holis conclusions. published in à treatise of eleven pages entitled Le chemie dans 
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l'espace, were not immediately accepted. A caustic reply came from the famous German 
chemist Hermann Kolbe: 


A Dr. vant Hoff of the Veterinary College. Utrecht, appears to have no taste for exact chemical re- 
search. Instead. he finds ita less arduous task to mount his Pegasus Дш, borrow ed from Ше sta- 
bles of the College and soar to Iis eliemical Parnassus, there to res eal in his Za сенне deam L'espace 
how he finds atoms situated in universal space. This paper is fanciful nonsense! What times are these. 
that an unknown chemist should be siver such attention! 


Kolbe's reply notwithstanding, van't Hofs ideas prevailed to became a cornerstone of o- 
ganie chemistry. 

How ean the existence of enantiomers be used to deduce a tetrahedral arrangement of 
groups around carbon? Lets examine some other possible carbon geometries to sce the sort of 
reasoning that was used by van't Holt and Le Bel. Consider à general molecule in which the 
carbon and its four groups lie in a single plane: 


all atoms in the same plane 


Because the mirror image of such a planar molecule ts congruent (show this!) enantiomeric 
forms are impossible, The existence of enantiomers thus sudes est this planar geometry. 

However, other conceivable nonplanar nontetrahedral structures could exist as enan- 
tomers. One structure has a pyramidal geometry: 


(Comince yourself that such a structure ean have an enantiomer) This geometry could not, 
however, account for other facts. Consider. for example, the compound methylene chloride 
СНС. }. In the pyramidal geometry, two diastereomers would be known. In one, the chlo- 
rines are on opposite corners of the pyramid; in the other. (he chlorines are adjacent. (Why are 
these diastereomers?) 


{. С; 
HWS aL (VS еН 
С] с] 
opposite adjacent 


pyramidal CHCl; molecules 


These molecules should be separable because diastereomers have different properties. In the 
entire history of chemistry, only one isomer of CH-Ch, CH.Br,, or any similar molecule, has 
ever been found. Now, this is negative evidence. To take this evidenee as conclusive would be 
like saying to the Wright brothers in 1902. "No one has ever seen an airplane Йу; therefore air- 
planes can't fly” Yet this evidence is certainly suggestive, and other experiments (Problems 
6.53 and 6.54, p, 267) were later carried out that could only be interpreted in terms of tetruhe- 
draf carbon, Indeed, modern methods of structure determination have shown that van't Но 
original proposal—tetrahedral geometry — is correct, 
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KEY IDEAS IN CHAPTER 6 


Stereoisomers are molecules with the same atomic 
connectivity but a different arrangement of their 
atoms in space. 


Two types of stereoisomers are: 


1, enantiomers—molecules that are related as object 
and noncongruent mirror image; 

2, diastereomers—stereoisomers that are not enan- 
потег, 


A molecule that has an enantiomer is said to be chiral. 
Chiral molecules lack certain symmetry elements, 
such as a plane of symmetry or center of symmetry, 


The absolute confiqurations of some compounds can 
be determined experimentally by correlating them 
chemically with other chiral compounds of known ab- 
solute confiquration. 


The R,S system is used for designating absolute con- 
figuration. The system is based on the clockwise ог 
counterclockwise arrangement of group priorities 
when a molecule is viewed along a bond from the 
asymmetric atom to the group of lowest priority. The 
priorities are assigned as in the £,Z system (Sec. 4.2B). 


Two enantiomers have the same physical properties 
except for their optical activities. The optical rotations 
of a pair of enantiomers have equal magnitudes but 
opposite signs. 


Ап equimolar mixture of enantiomers is called a race- 
mate, or racemic mixture. 


6.27 Point out the carbon stereocenters and the asymmetric 


carbons (if any) in each of the following structures. 
ta) 4-methyl-]-pentene 

(b) CE1-4-methyl-2-hexene 

ic) 3-methylcyclohexene 

(d) 2.4-dimethyl-2-pentene 


(a) How many stereoisomers аге there of 3.4,5,6-tetram- 
ethyl-4-octene? 

(bi Show all of the carbon stereocenters in the structure 
af this compound. 
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Diastereomers in general differ in their physical 
properties, 


Enantiomers are typically separated by an enan- 
tiomeric resolution. The principle involved in most 
enantiomeric resolutions is the temporary formation 
of diastereomers. Diastereomeric salt formation and 
selective crystallization are two such methods. 


Ап asymmetric carbon is a carbon bonded to four 
different groups. All asymmetric carbons are stereo- 
centers, but not all stereocenters are asymmetric 
carbons, 


А meso compound is an achiral compound contain- 
ing asymmetric atoms. 


Some chiral molecules contain no asymmetric atoms. 


Some achiral molecules have enantiomeric conforma- 
tions that interconvert very rapidly. 


Newman projections, sawhorse projections, and line- 
and-wedge structures can be used to draw molecular 
conformations about specific bonds. Line-and-wedge 
structures can be used to show conformations about 
several bonds, provided that the bonds can all be 
drawn in the plane of the page. 


Optical activity and chirality formed the logical foun- 
dation for the postulate of tetrahedral bonding 
geometry at tetracoordinate carbon. 


(c) Show all of the asymmetric carbons in the structure 
of this compound. 


6.29 How many stereoisomers are there of 3.4-dimethyI-2- 


hexene? 

(a) Show all of the carbon stereocenters in the structure 
of this compound. 

(b) Show all of the asymmetric carbons in the structure 
of this compound. 
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Identify all of the asymmetric carbon atoms in each of 
the tollowing structures, 


(а 


'CH,CH cn = 


ie CH, 
(hi : 
CH PES CH; 
CH; 


(€) HC—CH — CHOH 
CH;OCH; 

id) did — CH;OH 
NH; 


(e) CH, 


ШЕ 
CH; 


(f) 


(S) "al 


HO 


Give the configuration of each asymmetric atom in the 
following compounds. 


a) О, СН; 
HC Pen. 


HC 
i) CHO H 


H,C 


(С) i)” 


m e В 
4 CH. j^" А x 
С Н; aÅ / “осн, 


М CH 1 hs 


(d) meso-3,4-dimethylhexane 


6.32. Ephedrine has been known in medicine since the Chi- 
nese isolated it from natural sources in about 2800 B.C. 
Its structure has been known since 1885, Ephedrine can 
be used as a bronchodilator tà compound that enlarges 
the air passages in the lungs). but it tends to increase 
blood pressure because it constricts blood vessels. 
Pseudoephedrine has the same effects, except that it it 
much less active in elevating blood pressure. Ephedrine 
is the (1.8,25)-stereoisomer of the structure below (Ph = 
phenyl). Pseudoephedrine is the (15,25)-stereoisomer of 
(he same structure. 


T NHCH; 


| 
Ph— CH—CH— CH; 


(a) Draw a line-and-wedge structure for each of these 
two stereoisomers in which the Ph, CH,. and the two 
asymmetric carbons lie in the plane of the page. In 
this part and part (b). do not draw out the honds 
within the —CH,. — OH, and —NHCH, groups ex- 
plicitly. (More than one correct structure is possible.) 

(b) Draw a sawhorse projection and a Newman projec- 
tion for each of the structures you drew in part (a). 
Let the carbon nearest the observer be the one bear- 
ing the —OH group. 

(c) What is the relationship between these two com- 
pounds? Choose from enantiomers, diastereomers, 
identical molecules, and constitutional isomers, Ex- 
plain how you know, 

(I Should the melting points of these two compounds 
be the same or different in principle? 

(e) What. if anything, can you say about the optical ac- 
tivities of these two compounds? 


6.33 (a) Using lines, wedges. and dashed wedges as 
appropriate, draw perspective structures of the lwo 
stereoisomers of ibuprofen, a well-known non- 
steroidal anti-inflammatory drug. 


Tt 


CH — COH 


ibuprofen 


(b) Only the 5 enantiomer has anti-inflammatory activity 
(although the А enantiomer is converted slowly by 
Ше body into the 5 enantiomer). Identify which of 
the structures you drew in part (a) is the active drug. 


6.34 Draw the structure of the chiral alkane of lowest molecu- 
lar mass not containing a ring. (No isotopes are allowed.) 


6.35 


6.36 


6.37 


6.38 


6.39 


Draw the structure of the chiral суспе aikane of lowest 
molecular mass. (No isotopes are allowed.) 


Indicate whether each of the following statements is 

true or false. [f false, explain why. 

(a) In some cases, constitutional isomers are chiral. 

(b) In every case. a pair of enantiomers have a mirror- 
image relationship. 

(c) Mirror-image molecules are in all cases enantiomers. 

(d) If a compound has an enantiomer, it must be chiral. 

(е) Every chiral compound has a diastereomer. 

(Т) If à compound has a diastereomer, 11 must be chiral. 

(g) Every molecule containing one or more asymmetric 
carbons 1s chiral. 

(h) Any molecule containing a stereocenter must be chiral. 

(i) Any molecule with a stereocenter must have а 
stereonisomer. 

(1 Some diastereomers have a mirror-image relationship. 

(k) Some chiral compounds are optically inactive. 

(i) Any chiral compound with a single asymmetric car- 
bon must have a positive optical rotation if the com- 
pound has the R configuration. 

(m) A structure 15 chiral if it has na plane of symmetry. 

(n) All chiral molecules have no plane of symmetry. 

(о) All asymmetric carbons are stereocenters. 


Imagine substituting. in turn. each hydrogen atom of 
A-methylpentane with a chlorine atom Io give a series of 
isomers with molecular formula C,H,.Cl. Give the 
structure of each of these isomers. Which of these are 
chiral? Classify the relationship of each stereoisomer 
with every other. 


Draw the structures of all compounds with the formula 
CHCl, that can exist as meso compounds. Indicate how 


many meso compounds are possible for each structure. 


Construct sawhorse and Newman projections (Sec. 

2.3A) of the three staggered conformations of 

2-methylbulane (isopentane) that result from rotation 

about the C2-C3 bond. 

(a) Identify the conformations that are chiral. 

(b) Explain why 2-methylbutane is not a chiral com- 
pound. even though it has chiral conformations. 


6.40 


6.41 


6.42 


6,43 
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(с) Suppose each of the three contormations in part (a) 
could be isolated and their heats of formation deter- 
mined. Rank these isomers in order of increasing 
heat of formation (that is. smallest first). Explain 
your choice. Indicate whether the АР values for 
any of the isomers are equal and why. 


(a) Draw sawhorse projections of ephedrine (Problem 
6.32) about the C1-C2 bond for all three staggered 
and all three eclipsed conformations. 

(b) Examine each conformation for chirality. How do 
the chiralities of these conformations relate to the 
overall chirality of ephedrine? 


(a) Draw a line-and-wedge structure for the all-stag- 
gered conformation of (28,35)-2.3-dichloropentane 
in which the conformations at the C2-C3 and 
C3-2C4 bonds have carbons in an anti relationship. 
Show the bonds to every atom explicitly. 


EI cl 


| 
CH,CH— CHCH;CH, 


2,3-dichloropentane 


(b) Draw a line-and-wedgze structure for the unstable 
conformalion of (28,35)-2,35-dichloropentane in 
which the methyl carbon and the ethyl CH, carbon 
are eclipsed al the С2-СА bond and everything else 
is us indicated in part (a). 


Explain why compound А in Fig. P6.42 can be resolved 
mto enantiomers but compound В cannot. 


The specific rotation of the & enantiomer of the follow- 
: . ET - = Me 
ing alkene is [a] $ = +76 degree mL g^! dm7', and its 
molecular mass is 146.2. 


CH; 


чеп 6-6 


Ph 


(a) What is the observed rotation of a 0.5 M solution of 
this compound im a 5-cm sample path? 


‘i à 


Ph—N*—CH,—CH=CH, Cl 


CH.Ph 


Figure P6.42 


CH, 


Ph—N-—CH;-—CH-—CH:; 


В 
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(b) What is the observed rotation of a solution formed (d) 15 carbon-3 à stereocenter in these meso com- 
by mixing equal volumes of the solution from part pounds? How do vou know? 
(a) and a 0.25 M solution of the enantiomer of the (e) What addition to the А, 5 system would you have to 
same alkene? make to assign а configuration to carbon-3? Invent a 
гше and then assign an & or 5 designation to each 
6.44 The two most common forms of glucose, a-p-glucopy- carbon in your two meso stereoisomers. 
ranose and B-p-glucopyranose, can be brought into (£f? How many stereoisomers does 2,3,4-trichloropen- 
equilibrium by dissolving them in water with a trace of lane have? 


an acid or base catalyst. 


6.46 (a) Give the stereochemical relationship (enantiomers. 
НО" or OH 


a-D-glucopyranose zc—————— —* fi-b-glucopyranose diastereomers, or the same molecule) between each 
pair of compounds in the set shown in Figure P6.46. 
The specific rotation of the equilibrium mixture is 52.7 Assume that internal rotation is rapid. 
deg mL g7! dm". The specific rotation of pure а-р- (b) Which, if any, compounds are meso? Explain. 
glucopyranose is +112 deg mL в" dm ''. and that of (c) Which compounds should be optically active? Ex- 
pure 3-D-glucopyranose is 418.7 deg mL g^! dm". plain. 
What is the percentage of each form in the equilibrium 
duxi) 6.47 (a) Explain why an optically inactive product is 
obtained when ( — }-3-methy!-1-pentene undergoes 
6.45 (a) 2.3,4- Trichloropentane has nve meso stereoisomers. catalytic hydrogenation. 
со а а (b) What is the absolute configuration of (+ )-3-methyl- 
hexane if catalytic hydrogenation of (5)-( + }-3- 
НЗ — ЕБ ЕНЕ нин, methyl-1-hexene gives (—)-3-methylhexane? 


2,3,4-trichloropentane | ү T 
6.48 Which of the salts shown in Fig. P6.48 should have 


Starting with the template below for each, complete identical solubilities in methanol? Explain. 
line-and-wedge structures for the two meso 
stereoisomers. 6.49 Draw the structures of the possible stereoisomers for 
М h the compound below, assuming in turn (a) tetrahedral. 
H;C , CH, (b) square planar. and (c) pyramidal geometries at the 
j carbon atom. For each of these geometries, what is the 
(b) Show the symmetry element in each meso stereorso- relationship of each stereoisomer with every other? 
mer that makes the compound achiral. Е 
(c) What is the relationship (enantiomers or diastere- 
omers) between the two meso compounds? CI—C— Br 
I 
H OH H ра Н roa H P" Н OH НОН 


=ч - ‚з E siia Be, = 

| CH,OH HOCH: X CHOH HOCH. A 

H OH HO H HO H 
A B C 


HOCH, CH;OH 


H OH н CH,OH нон нон 


HOCH. X OH HOCH, X CHOH 
H ОН H OH 


D E 


Figure P6.46 


6.50 Two stereoisomers of the compound (H4N).PtCCI), with 
different physical properties are known. Show that this 
fact makes it possible to choose between the tetrahedral 
and sqnare planar arrangements of these four groups 
around platinum. 


6.5] Identify the stereocenters in each of the following struc- 
tures. and tell whether each structure is chiral. 


(à) CH; (b) CH; 
В. CH; TN CH; 
H a. 8 
CH, 
(с) CH; (d) 
TM | CH; Ha 
CH, H' 


6.52 Ina structure containing a pentacoordinate phosphorus 
atom, the bonds to three of the groups bound to phos- 
phorus (called equaterial groups) lie in a plane contain- 
ing the phosphorus atom (shaded in the following struc- 
ture), and the bonds to the other two groups (called 
axial groups) are perpendicular to this plane: 


p C] 
"d „е 
axial groups (| — B euaterial groups 
` “SoH 
M —- | A | 
чр | 
^ OCH, 


[s this compound chiral? Explain. 


ji j 
H ^ — NH, Be hp: 
A 
H CO; 
| | 
РВ” NH, НС" ph 
HC 
2 


Figure Pé.48 
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5.53 In 1914, the chemist Emil Fischer carried out the fol- 
lowing conversion in which optically active starting ma- 
terial was transformed into a product with an identical 
melting point and an optical rotation of equal magni- 
tude and opposite sign. No bonds to the asymmetric 
carbon were broken in the process. 


CH;CH;CH; CH;CH;,CH, 


| 
H—C—CO;H 


reactions | 


| ONH, 


several 


H—C—CONH, 
i COH 


Show that this result is consistent with either tetrahedral 
or pyramidal geometry at the asymmetric carbon. 


6.34 Fischer also carried out the following pair of conver- 
sions. Again, no bonds to the asymmetric carbon were 
broken. Explain why this pair of conversions (but not 
either one alone) and the associated optical activities 
rule out pyramidal geometry at the asymmetric carbon, 
bul are consistent with tetrahedral geometry. 


CO;H CO,H 


several steps 


HC —U0 —UCONH 


CoH, С.Н; 


кы у. ЖИЕ 


optically active aptically inactive 


COH CH 


| several steps 
— ci 


-Hs C-H; 


| 
H€ —C—CONH, 


optically active opticallv inactive 


+ 
| | 
РЬ а T ~H Ph -— / A ( OF 
HC НС 
B 
i " 
C шг. (ur 
Н“ “CHS Н a Hs 
NH, СО; 
D 
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RELATIVE STABILITIES OF THE MONOCYCLIC ALKANES 


Cyclic Compounds. 
Stereochemistry 
of Reactions 


Compounds with osehe structures present some umque problems of stereochemistrs and co- 
tormution. This chapter deals with the stereochemical aspects of eyele compounds and their 
derivatives, followed by a discussion of how stereochemistry enters into chemical reactions. 
We've already learned aboul regioselective reactions, which yield one censtitutional homer in 
preference to another (for example, HBr addition to alkenes). Many reactions also vield cer- 
linn azereeisegners to the exclusion of others. Several such reactions will be exanuned so thal 
we can understand some of the principles that govern the formation of stereoisomers. We'll 
alsa see how the stereochemistry of a reaction can be used to understand its mechanism. 


A compound that contains a single ring 15 called à monocyelie compound, Cyclohexane. cy- 
clopentane. and meth lesclohexane are all examples of monoevehe alkanes. 

The relative stabilities of the monoevehe alkanes give us some important ciues about their 
conformations. These relative stabilities can be determined [rom their heats of formation. 
even in Table 7.1. Although the monoevelic alkanes are not isomers, they have the sume em- 
pirical formula. CH.. This is the formula that gives the smallest whole-number proportions 
of the elements. When compounds have the same empirical formula. their heats of formation, 
and thus their stabilines, can be compared on a per canbe basis bs dividing the heat of Tor- 
mation of each compound hy is number of carbons. The data in Table 7.1 show that, of the cv- 
cioalkanes with 10 or fewer curbons, evclohexane has the lowest that ts. the most negative! 
heat of formation per CH». Thus. eyefeftexane is Hie most stable of these eveloatkanes. 

Further insight inte the stability of eyelohexane comes from a comparison el rts stability with 
that of a typical непсусНе alkane. The heats of formation of pentane. hexane. and heptane are 
—]46.8. 107.1. and 187.5 KJ mol ^ (735.0. — 39.9, and —44.8 keal тот), respectively. 
These data show that heats of formation, like other physical properties. change regularly within 
a homologous series; each CH, group contributes = 2027 KJ mol ^ ¢—4.95 kcal mol 9o the heat 
ol formation, The data lor evclohexane in Table 7,1 show that a CH, group in evclohexane makes 
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I Heats of Formation per —CH,— for Some Cycloalkanes 


{п = number of carbon atoms) 


AH; n АН /п 
п Compound k!mol' kcal mol! n pe Compound kmol’ kcal mol ' 
3 cyclopropane +17.8 +4.25 9 cyclononane -148 – 3.5 
4 cyclobutane А +17 10 cyclodecane BA -47 
5 cyclopentane 189 =a? 11 cycloundecane — 16.3 -3.9 
б cyclohexane į hs 2055  )-455 12 cyclododecane —19.2 —4.6 
5 cycloheptane - 16.9 —40 13 cyclotridecane 18.95 45 І 


B8 cyclaoctane 55 4 EN 14 cyclotetradecane 17.1 – 4.1 


exactly the same contribution to its heat of formation ( 20.7 kJ тю! or —4.95 kcal mol!) 
This means that evclohexane has the same stability as a typical unbranched alkane. 
Cyclohexane is the most widely occurring ring in compounds of natural origin. [ts preva- 
lence, undoubtedly a consequence of its stability, makes it the most important of the cy- 
cloalkanes. The stability of cyclohexane is due to its conformation, which is the subject of 
Section 7.2. The stahilities and conformations of other cycloalkanes are discussed in Sec. 7.5. 


CONFORMATIONS OF CYCLOHEXANE 


o% ә?- —- я 


A. The Chair Conformation 


The stability data in Table 7.1 require that the bond angles in cyclohexane must be essentially 
the same as the bond angles in an alkane—very close to the ideal 109.5" tetrahedral angle. If 
the bond angles were significantly distorted from tetrahedral, we would expect to see a greater 
heat of formation. Likewise, cyclohexane must have a staggered conformation about each car- 
bon-carbon bond. because eclipsing interactions (torsronal strain; Sec. 2.3) would also in- 
crease the heat of formation. These two geometrical constraints can only be met if the carbon 
skeleton of cyclohexane assumes a nonplanar, “puckered” conformation. 

The most stable conformation of cyclohexane is shown in Fig. 7.1 (p. 270). In this con- 
formation of cyclohexane, the carbons do лог lie in a single plane: rather, the carbon skele- 
ton is puckered. This conformation of cyclohexane is called the chair conformation be- 
cause of its resemblance to a lawn chair. [f you have not already done so, you should 
construct a model of cyclohexane now and use it to follow the subsequent discussion. No- 
tice the following four points about the cyclohexane molecule and how to draw it. 


1. To draw the cyclohexane ring, we use a "tilt-and-turn" technique similar to the one used 
for drawing line-and-wedge structures (Eq. 6.10. p. 258). 


= 
1 {з 
carbons 5 and б are — 


inen 


tilt about д 
horizontal | ^ 


I | rotate about 
= vertical ә 
ФӘ __ S 9 


B C 


side-on view 
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q” р -— — — axial hydrogens == 
E. d 


© А. equatorial hydrogens 
. 
= axial hydragen BE Y У 


(а) ball-and-stick model (b) space-filling model 


Н Н = asiat hydrogen 


H- 
H pia a, equatorial hydrogens 
H H ———————— axial hydrogen 
(c) skeletal structure with hydrogens shown 


Figure 7.1 Chair conformation of cyclohexane shown as (a) a ball-and-stick model, (b) a space-filling model, and 
(c) a skeletal structure.In parts (a) and (b), the axial hydrogens are blue, and in part (c), they are shown in blue type. 


First, we view the model side-on (view A in Eq. 7.1a). In this view, carbons 5 and 6 are 
obscured behind carbons 2 and 3. Then. we tilt the model about a horizontal axis to give 
view B. Finally, we turn the model slightly about a vertical axis to give the view used to 
draw the skeletal structure. as shown in Eq. 7.16. 


(7.1b) 


view C from Eq. 7.1a 


If we imagine carbons | and 4 to be in the plane of the page, then carbons 2 and 3 are in 
front of the page, and carbons 5 and 6 are behind the page. 


(7.16) 


Remembering that the lower part of the ring is in front of the page is essential to avoid- 
ing an optical illusion. 
2. Bonds on opposite sides of the ring are parallel: 


EZ чыт 
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3. Two perspectives are commonly used for cyclohexane rings. In one, the leftmost carbon 
is below the rightmost carbon; and in the other, the leftmost carbon is above the right- 


most carbon: | | 


These two perspectives are mirror images. (However, they are not enantiomeric:) As 

shown in Eqs. 7.1a-c, the perspective on the left is based on a view of the model from 

above and to the left of the model. The perspective on the right is based on a view of the 

model from above and to the right. The "tilt-and-turn" procedure for producing this 
а structure is the same except that the rotation is in the opposile direction. 


carbons 5 and б are „Ф, =, 
Й —]Í 
үч 


поте aboni -} 


L] 

| 

i 3 
ОЭ "erreal ы 
99 93 . HXIS 9 


lr ИЛИН 
horizontal 


g^ Sí —=- 


Q 
9 э 


Ө: 
ü i 
А В C (7.3) 
side-on view 


4. A rotation of either perspective by an odd multiple of 60° (that 15, 60°, 180°, and so on), 
followed by the slight shift in viewing direction. gives the other perspective. Be sure to 
verify this with models! 


ui $ + 
4 р 


4 él. FRU", 300 
E (7.3) 


F 


It is important for you to be able to draw a cyclohexane chair conformation. Once you've 
examined the preceding points, practice drawing some cyclohexane rings in the two perspec- 
tives. Use the following three steps: 


Step 1 Begin by drawing two parallel bonds slanted to the left for one perspective, and slanted 
to the right for the other. Notice that one slanted line is somewhat lower than the other in 
each case. 


Step 2 Connect the tops of the slanted bonds with two more bonds in a “Y” arrangement. 


Step 3 Connect the bottoms of the slanted bonds with the remaining two bonds in an inverted 
"V" arrangement. 


To summarize: 


Step 2 (7.4) 


272 


CHAPTER 7 * CYCLIC COMPOUNDS STEREOCHEMISTRY OF REACTIONS 


Now lets consider the hydrogens of esclohexance, which are ob to types. Ht vou place our 
model of evglohexane on a tabletop (ou did build it. didn't you?) soul find that six С Н 
bonds are perpendicular to the plane of the table. (Your model should be resting on three such 
hydrowens.) These hydrogens. shown in blue in big. 7. fab. are called axial hydrogens, The 
remaimine С —H honds роп outward along the periphery. of the ring. These hydrogens. 
shown in white m Fig. 7.la. are called equatorial hydrogens. As we might expect. other 
groups сап be substituted For the hydrogens, and these groups also can exist in either axial or 
equatorial arrangements. 

in the chair eentormation, all bonds are staggered, You should he able te see this from your 
model by looking down ans €. -C bond. As vou learned s hen sou studied the contformations 
of ethane and butane (Sec. 2.3%, staggered bonds are energetically preferred over eclipsed 
bonds. The stability of eselohexane See. 7.1118 a consequence of the tact that ail ol its bonds 
сап be staggered without compromising the tetrahedral carbon geometry. 

Once you have mastered draw ing the evclohexane ring, its Gime to add ihe C—H bonds to 
the ring. Draw ing the axial bands ts fatrly easy: thes are simply vertical dines. However. draw- 
Ing the equatorial bonds gan be a Mitte tricky. Notige that pairs of equatorial bonds are paral- 
lel to pairs of ring bonds (redi: 


va pir c au diae (т 


(Notice also how all the equiatencal bonds in Fig. 7.1 adhere to this comention,} 

You «should notice a few other things about the evelohexane ring and its bonds. First. if we 
make a model of the evelohexane carbon skeleton without hydrogens and place it on a table- 
lop, We dind thal every other carbon is resting on the tabletop. We'll refer to these carbons as 
down carbons. The other three carbons He in a plane above the tabletop. We Hl refer to these 
carbons as ap carbs. 


ч >” 
x br" 


down carbons down carbons 


Now add the hydrogens to vour model, und notice that the three axial hyilrogens on up varhons 
peint up. and the three axial hydrogens on down carbons point down. In contrast. the three 
equatorial hydrogens en up carbons point down. and the three equatortal hydrogens on down 
carbons point up it Fig. 7.200. Ве up ard dewa fivedrogens ofa urven уре are coempletety equi 
aient. That is; the up equatorial hydrogens are equivalent to the down equatorial hydrogens. 
and the up axial Avdrogens are equivalent to the dos n axial hydrogens. You can see this equis- 
alenee by turning the ring over. as shown in Fig. 72h. This causes the up carbons to exchange 
plazes with the down carbons, the up-axial hydrogens to exchange places with the down-axial 
hydrogens, amd the up-equatorial hydrogens to exchange places with the dow n-equatoral hy - 
droeens. Eserything looks the same as пал before turning the molecule ever. (Be sure to con- 
Vinee voursell with modeds That these statements are true. i 

A second ике ш observation is tat id an axial hydrogen is up on one carbon, the two neigh- 
Бопе ама hydrogens are down. amd viee versa. The sume Is true of the equatorial hydrogens. 
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ip axial hydrogen 


up carbon 


p. 
e 399 down-equatorial hydrogen 


/ 


down down-axial hyd) ogen 
garbon 


up-equatorial hydrogen 


E 


up-axial 
) 


hvdrogen "T J 
É 


up carbon Ө д 
turn over ә 
— F 
| 9 m 
down carbon - td equatorial 
Q уа roggen 
Е | ч 


hydrogen 


down-equatorial 
hydrogen 


nee 


Figure 7.2 (a) Up and down equatorial and axial hydrogens. The up-axial hydrogens are on up carbons and the 
down-axial hydrogens are an down carbons. The opposite is true for equatorial hydrogens. tbi The up and down- 
axial hydrogens are equivalent, and the up- and down-equatorial hydrogens are equivalent, This equivalence can 
be demonstrated by turning the ring "upside down" (green arrow l. In doing so, the up carbons Wade places with 
the down carbons, the up-axial hydrogens lade places with the down-axial hydrogens, and the up-equatorial hy- 
drogens trade places with the down-equatorial hydrogens. (The darker colors show explicitly the fate of two 
hydrogens and the violet color shows the fate of ane carbon? 


B. Interconversion of chair Conformations 


Cycloalkanes, like noneyelie alkanes, undergo internal rotations (See. 2,3). but; because the 
carbon atoms are constramed within a rine, several internal rotuttons must occur at the same 
ume. When a exeiehexane molecule undergoes internal rotations. a chenge in the ring Сео 
тенеп occurs, as shown to Fig. 7.3 (p. 2741. Use a model to Follow these changes. shown by 
the green arrows in Fie. 7,3. Hold carbons E, 2. ап бе the rightmost carbon and its iso neigh- 
bors so that they cannot moe, amd raise earbon- up as Far as it will go. The result ts a dif- 
ferent conformation, called a boat conformation. Formation of the boat conformation. in- 
wolves мамесин Internal rotations. about. all carbon. carbon. bonds except those to 
varbon- I. Well return to an examination of the boat conformation in See, 7.2C, Now hold gar- 
bons 3. 4. and 5 of the boat—the leftmost carbon and its ese nethbors—so that they cannot 
meos e, and lower earbon-] zs Far as i will eoi the model returns to a chair conformation, In this 


vase. SImüultaneous internal rotations. have occurred about all carbon. carbon. bands except 
those to carbon-4, Thus. upward movement of the leftmost carbon and dow пуал movement 
of the rightmost carbon changes one chair contormatren into another, completely equivalent. 
ehair conformation, But notice what has happened to the hydrogens: [n this process, ie equa- 
toriai hydrogens have become axial, amd the axial ivdregens have become equatorial. In ad- 
dition. up earbons have become down carbons, and saec versa. 
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axial hydrogens become equatorial 


up carbon 


[1 (7.6) 


down carbon 


equatorial hydrogens become axial 


(Conħrm these points with your model by using groups of different colors for the axial and 
equatorial hydrogens.) 

The interconversion of two chair forms of cyclohexane is called the ehair interconversion. 
The energy barrier for the chair interconversion is about 45 kJ mol"! (11 kcal mol"). Al- 
though this barrier is larger than that for internal rotation in butane, it is small enough that the 
chair interconversion is very rapid (it occurs about 10? times per second) at room temperature. 

Let's review: Although the axial hydrogens are stereochemically different from the equato- 
rial hydrogens in апу one chair conformation. the chair interconversion causes these hydro- 
gens to change positions rapidly. Hence, averaged over time, the axial and equatorial hydro- 
gens are equivalent and indistinguishahle. 


C. Boat and Twist-Boat Conformations 


Figure 7.3 shows a boat conformation of cyclohexane. Let's examine this conformation in more de- 
tail. The boat conformation is not a stable conformation of cyclohexane; it contains two sources of 
MES État onam? н, T wit 


-M 


4 


2 


TF 
$9.9 
.*9 


chair chair 


boat 
unstable! 


Figure 7.3 Use of models to show the interconversion of the two chair conformations of cyclohexane. The car- 
bons within the green outlines undergo internal rotation. The green arrows show how the outlined CH, groups 
move at each step. Notice that the chair interconversion interchanges the positions of the hydrogens: axial hydro- 
gens in one chair conformation become equatorial hydrogens in the other. 
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instability, both of which are shown in Fig. 7.4. One is that certain hydrogens (shaded in blue) are 
eclipsed. The second is that the two hydrogens on the "bow" and “stern” of the boat, called feag- 
pole hydrogens, experience modest van der Waals repulsion. (The flagpole hydrogens are shaded 
In pink in Fig. 7.4.) For these reasons, the boat undergoes very slight mternal rotations that reduce 
both the eclipsing interactions and the flagpole van der Waals repulsions. The result is another sta- 
ble conformation of cyclohexane called a twist-boat conformation. To see the conversion of a 
boat into a twist-boat, view a model of the boat conformation from above the flagpole hydrogens, 
as shown in Fig. 7.4b. Grasping the model by its flagpole hydrogens, nudge one flagpole hydrogen 
up and the other down to obtain a twist-boat conformation. As shown in Fig. 7.4, this motion can 
occur in either of two ways. so that two twist-boats are related to any one boat conformation. 


iwist-boat 


=s 
flagpole hydrogens van der Waals repulsions between 
LT L er 
ro flagpole hydrogens 
№ ^. 


eclipsed hvdrogens 


twist-boat 


(а) tb) 


Figure 7.4 Boat cyclohexane (center) and its two related twist-boat conformations (top and bottom). The flagpole 
hydrogens are pink, and the hydrogens that are eclipsed in the boat conformation are blue. (a) Ball-and-stick mod- 
els. Note in the boat conformation the eclipsed relationship among the pairs of blue hydrogens. This eclipsing is re- 
duced in the twist-boat conformation. (b) Space-flling models viewed from above the flagpole hydrogens. Note 
the van der Waals repulsion between the flagpole hydrogens in the boat conformation. This unfavorable interac- 
tion 15 reduced in the twist-boat conformations because the flagpole hydrogens (pink) are farther apart. 
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«UA -—— half-chair — NL 


44.8 К] mor! 
(10.7 kcal mol!) 


20-26 kl mol! !*^ ist-boat 
(4.8—6.2 kcal mol!) 


STANDARD ENTHALPY (AH") 


247 


chair 


molecular conformation 


Figure 7.5 Relative enthalpies of cyclohexane conformations. 


The enthalpy relationships among the conformations of cyclohexane are shown in Fig. 7.5. 
You can see from this figure that the twist-boat conformation 15 an intermediate in the chair in- 
terconversion, Although the twist-boat conformation is at an energy minimum, it is less stable 
than the chair conformation by about 23 kJ mol" (5.5 kcal mol") in standard enthalpy. The 
standard free-energy difference (15.9 kJ mol" ', 3.8 kcal mol" ') is also considerable. As Study 
Problem 7.1 illustrates, a sample of cyclohexane has very little twist-boat conformation pre- 
sent at equilibrium. The boat conformation itself can be thought of as the transition state for 
the interconversion of two twist-boat conformations. 


Study Problem 7.1 "i 
— Given that the twist-boat form is 15.9 kJ mol! (3.8 kcal mol!) higher in standard free energy than 


the chair form of cyclohexane, calculate the percentages of each form present in a sample of 
cyclohexane. 
Solution What we are interested in is the equilibrium ratio of the two forms of cyclohexane— 
that is, the equilibrium constant for the equilibrium 
chair (C) -= twist boat (T) 
This equilibrium constant can be expressed as follows: 
[m 

a T 

The equilibrium constant is related to standard free energy by Eq. 3.30 (p. 106): 
AG" = —2.3КТ log Ky 


or its rearranged form. Eq. 3.31b, 


= -ÀG*/2.3KRT 
к= 10 


Applying this equation with energies in kilojoules per mole and R = 8.31 X 10^ kJ mol К^! 
and 7 — 298 K, 
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_ 

"s = [C] 

Therefore, [Т] = (1.62 х 107*)[C]. Thus, in one mole of cyclohexane, we have 
1 = [C] + [T] = [C] + (1.62 x 107C] = 1.00162[C] 


= 1) 7/27 к= 107 559/571 = 1022" Е 1.62 х 1073 


Solving for [С], 
[С] = 0.998 
and. by difference, 
[T] = 1.000 — [C] = 0.002 


Hence, cyclohexane contains 99.8% chair form and 0.2% twist-boat form at 25 °С. 


7.1 Make a model of chair cyclohexane corresponding to the leftmost model іп Fig. 7.3. Raise car- 
bon-4 so that carbons 2—6 lie in a common plane. This is the ha/f-chatr conformation of cyclo- 
hexane, and it is the transition state for the interconversion of the chair and twist-boat confor- 
mations. (Notice the position of this conformation on the energy diagram of Fig. 7.5.) Give 
two reasons why this conformation is less stable than the chair or twist-boat conformation. 


MONOSUBSTITUTED CYCLOHEXANES. 
CONFORMATIONAL ANALYSIS 


A substituent group in a substituted cyclohexane. such as the methyl group in methyl cyclo- 
hexane, can be in either an equatorial or an axial position. 


H axial — CH, 


CH, H 


equatorial WA, 4 OWA ON VEA 


These two compounds are not identical, yet they have the same connectivity, so they are 
stereoisomers. Because they are not enantiomers, they must be diastereomers. Like cyclohexane 
itself, substituted cyclohexanes such as methylcyclohexane also undergo the chair interconver- 
sion. As Fig. 7.6 (p. 278) shows, axial methyleyclohexane and equatorial methyicyclohexane are 
interconverted by this process. Note in this interconversion that a down methyl remains down 
and an up methyl remains up. (Demonstrate this to yourself with models!) Because this process 
is rapid at room temperature, methylcyclohexane is a mixture of two conformational diastere- 
amers (Sec. 6.10А). Because diastereomers have different energies, one form is more stable than 
the other. 

Equatorial methylcyclohexane is more stable than axial methylcyclohexane, in fact, it is 
usually the case that the equatorial conformation of a substituted cyclohexane is more stable 
than the axial conformation. Why should this be so? 

Examination of a space-filling model of axial methylcyclohexane (Fig. 7.7. p. 278) shows 
that van der Waals repulsions occur between one of the methyl hydrogens and the two axial hy- 
drogens on the same face of the ring. Such unfavorable interactions hetween axial groups are 
called 1,3-diaxial interactions. These van der Waals repulsions destabilize the axial conforma- 
tion relative to the equatorial conformation, in which such van der Waals repulsions are absent. 
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H 
= 
CH; PET 
К 
РЯ IE 
H 


Figure 7.6 The chair interconversion results in an equilibrium between equatorial (Jeft) and axial (right) confor- 
mations of methylcyclohexane.The conversion is shown with two different ring perspectives. Notice in this inter- 
conversion that a down methyl remains down and an up methyl remains up. 


van der Waals 
repulsions 


(c) 


Figure 7.7 The equilibrium between axial and equatorial conformations of methylcyclohexane is shown with (а) 
Lewis structures, (b) ball-and-stick models, and (c) space-filling models. The hydrogens involved іп 1,3-diaxial in- 
teractions in the axial conformation are shown in color, and the interactions themselves are indicated with red 


brackets. 
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As Fig. 7.8 shows, the energy (enthalpy) difference between axial and equatorial conforma- 
tions of methylcyclohexanes is 7.4 kJ mol"! (1.8 kcal mol"). Because there are (wo 1,3-diax- 
ial interactions in methylcyelohexane, each interaction is responsible for one-half of the en- 
thalpy difference. or 3.7 kJ mol! (0.9 kcal mol"). We'll find that we can use this value in 
predicting the relative energies of other methyl-substituted cyclohexanes. In other words, each 
methyi-hydrogen 1,3-diaxial interaction in a cyclohexane derivative raises the enthalpy by 
3.7 kJ mot! (0.9 kcal mol! ). 

As shown in Fig. 7.9. the 1.3-diaxial interaction of a methyl group and a hydrogen in axial- 
methylcyclohexane looks а lot like the van der Waals interaction between methyl hydrogens in 
gauche-butane. The energy cost of this interaction in gauche-butane is 2.8 kJ mol"! (Fig. 2.5, 
p. 54). Because there аге two such 1.3-diaxial interactions in axia/-methyicyclohexane, the 
eauche-butane analogy would predict an energy cost of 2 X 2.8 = 5.6 kJ mol '. The actual 
value, 7.4 kJ mol", is in fair agreement with this prediction. For this reason, |,3-diaxial 
methyl—-hydrogen interactions in cyclohexane derivatives are sometimes called gauche-butane 
interactions. 

The energy cost of placing a methyl group in the axial position of a cyclohexane ring is re- 
fected in the relative amounts of axial and equatorial methyleyclohexanes present at equilib- 


H 7.4 kJ mol” 


е" (1.8 kcal mol!) 
#=> УОН; : 


Figure 7.8 Relative enthalpies of axial and equatorial methylcyclohexane. 


methylcyclohexane gauche-butane 
[ axial conformation] 


Figure 7.9 The relationship between the axial conformation of methylcyclohexane and gauche-butane. One 
gauche-butane part of methylcyclohexane is highlighted, and the corresponding van der Waals repulsion 15 
shown with a colored bracket. The second gauche-butane interaction in methylcyclohexane is shown with the 
gray bracket. 
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rium. As you will see when you work Problem 7.2, methyleyclohexane contains very little of 
the axial conformation at equilibrium. 

The investigation of molecular conformations and their relative energies is called confor- 
mational analysis. We have just carried out a conformational analysis of methylcyclohexane. 
The conformational analyses of many different substituted cyclohexanes have been per- 
formed. As might be expected, the 1.3-diaxial interactions of large substituent groups are 
greater than the interactions in methylcyclohexane. For example. the equatorial conformation 
of tert-butylcyclohexane is favored over the axial conformation by about 20 kJ тої! (about 
5 kcal mol !). 


(CH3)3C 


—» H AG" = 20k] mol! (7.73 
(5 kcal mol!) 


СН.) 


Н 
tert-butylcyclohexane 


This means that a sample of tert-butylcyclohexane contains a truly minuscule amount of the 
axial conformation. (See Problem 7.3.) 


Separation of Chair Conformations 


The two chair conformations of a monosubstituted cyclohexane are diastereomers. If these confor- 
mations could be separated,they would have different physical properties. In the late 1960s, C. Hack- 
ett Bushweller, then a graduate student in the laboratory of Prof. Frederick Jensen at the University 
of California, Berkeley, cooled a solution of chlorocyclohexane in an inert solvent to — 150 °C. Crys- 
tals suddenly appeared in the solution. He filtered the crystals at low temperature; subsequent in- 
vestigations showed that he had selectively crystallized the equatorial form of chlorocyclohexane! 


El e 


TN ; CI 
selectively crystallizes 


at low temperature 


When the equatorial form was "heated" to — 120 °C, the rate of the chair interconversion increased, 
and a mixture of conformations again resulted. Similar experiments have been carried out with 
other monosubstituted cyciohexanes. 


POSSUMS 7.2 The AG? difference between the axial and equatorial conformations of methylcyclohexane 


(7.3 kJ mol", 1.74 kcal mol` '; see Fig. 7.8) is about the same as the AH? difference. Calcu- 
late the percentages of axial and equatorial conformations present in опе mole of methylcyclo- 
hexane at 25°C. (Hint: See Study Problem 7.1.) 
7.3 Using the information in the previous problem and in Eq. 7.7, contrast the relative amounts of 
axial conformations in samples of methylcyclohexane and ;err-butyleyclohexane. 
7.4 (a) The axial conformation of fluorocyclohexane is 1.0 kJ mol ^' (0.25 kcal mol!) less stable 
than the equatorial conformation. What is the energy cost of a 1,3-diaxial interaction be- 
tween hydrogen and fluorine? 
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(y 


fluorocyclohexane 


(b) Estimate the energy difference between the gauche and anti conformations of 
{-Auoropropane. 
( — CH; — CH; —FE 


1-fluoropropane 


7.5 Suggest a reason why the energy difference between conformations of ethylcyclohexane is 
about the same as that for methyleyclohexane, even though the ethyl group is larger than a 
methyl group. 


7.4 DISUBSTITUTED CYCLOHEXANES 


A. Cis-Trans Isomerism in Disubstituted Cyclohexanes 
Consider a typical disubstituted exelohexane. |-chlore-2-methy leye hohe xine. 


C] 


CH 
1 -chloro-2-methylcyclohexane 


In one sterearsomer ot this compound, beth the chloro and methyl groups are in equatorial po- 
sitions. This compound is in rapid euuilibrium with a conformational diastereomer m which 
both the chloro and methyl groups assume axial positions. 


H : 
ie TA 


— 


El 
£o -U, La “4а 


Н ET 


traiis- 1-chloro-2-imcthvlcvclohexane 


Hither conformation tor ihe mixture of them) is called nim-1-chloro-2-methyleyelohesane. 
The designation. "trans 15 used with eyele compounds when two substituents have an 
up-dewn relationsnin. 


di WAT 


EST 


С] ——— down 


- CI 
i 
up 


Notice that the up-down relatianship is unalfeeted by the chair interconversion, 
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[n a different stereoisomer of |-chloro-2-methyleyclohexane, the chloro and methyl groups 
occupy adjacent equatorial and axial positions. 


H 
C] ' 
H q > H (7.10) 
HC 
HC Cl 


cis-1-chloro-2-methylcyclohexane 


This compound. called ci5-1-chloro-2-methylcyclohexane., is also a rapidly equilibrating mix- 
ture of conformational diastereomers. In a cis-disubstituted cycloalkane, the substituents have 
an up-up or a down-down relationship. 


down 
Н 
—— 
H ж” ч Н Ub 
Н.С | 
Н. down Pa C] down 
down 


Again, the cis relationship is unaltered by the chair interconversion. 
The same definition of cis and trans substitution can be applied to substituent groups in 
other positions of a cyclohexane ring, as illustrated by Study Problem 7.2. 


Study Problem 7.2 


Draw structures of the two chair conformations of trans-1.3-dimethylcyclohexane. 


Solution ina trans-disubstituted cyclohexane, the two substituent groups have an up—down re- 
lationship. It doesn't matter which chair conformation is drawn first, because the chair intercon- 
version does not affect the trans relationship of the two methyl groups: 


CH; 


Bp 


=—— CH, (7.12) 
down - CH, 


CH; 


trans-1,3-dimethylcyclohexane 


Notice that when the substituents in a disubstituted cyclohexane are on asymmetric car- 
bons, the designations cis and trans specify the relative stereochemical configurations of the 
two asymmetric carbons, but they say nothing about the absolute configurations of these car- 
bons. Thus, there are two enantiomers of cis-1-chloro-2-methvlcvclohexane. 


Cl CI 


CH; CH; 


(15,2 R)-1-chloro-2-methylcyclohexane (18,25)-I-chloro-2-methylcyclohexane 


i enantiomers of cis- | -chioro-2-methylcyclohexane 
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Further Exploration 7.1 When a ring contains more than two substituents, cis-trans nomenclature is usually cum- 
Other Ways of абача as Tinwodce te ганабы ew m— Phan? | киек ET И 

Designating Relative bersome. For such cases, other systems have been developed to designate relative configura 
Configuration tion. (See Further Exploration 7.1.) 


pee BERS | 7.6 For each of the following compounds, draw the two chair conformations that are in equilibrium. 
(a) cis-],3-dimethylcyclohexane (b) rrams-1-ethyl-A-isopropyleyclohexane 


7.7 Foreach of the compounds in Problem 7.6, draw a boat conformation. 


B. Conformational Analysis 


Disubstituted cyclohexanes, like monosubstituted cyclohexanes, can be subjected to confor- 
mational analysis, The relative stabilitv of the two chair conformations 1s determined by com- 
paring the |,3-diaxial interactions (or gauche-butane interactions) in each conformation. Such 
an analysis is illustrated in Study Problem 7.3. 


Study Problem 7.3 


Determine the relative energies of the two chair conformations of trans-1,2-dimethylcyclohexane. 
Which conformation is more stable? 


Solution The first step in solving any problem is to draw the structures of the species involved. 
The two chair conformations of trans-1,2-dimethylcyclohexane are as follows: 


CH; 


CH; 

А В 
Conformation А has the greater number of axial groups and should therefore be the less stable 
conformation—but by how much? Conformation A has four 1,3-diaxial methyl-hydrogen 
interactions (show these!), which contribute 4 X 3,7 = 14.8 kJ mol! (4 X 0.9 = 3.6 kcal mol") 
to its energy. What about B? You might be tempted to say that B has no unfavorable interactions 
because it has no axial groups, but in fact B does have one gauche-butane interaction—the one 
between the two methyl groups themselves, which have a dihedral angle between them of 60°. 
just as in gauche-butane. This interaction can be seen in a Newman projection of the bond 
between the carbons bearing the methyl groups: 


Н = 
1758 | л> gauche methyl groups 


Newman projection 


This gauche-butane interaction contributes 2.8 kJ то! (0.7 kcal mol" ') to the energy of confor- 
mation & (Fig. 2.5, p. 54). The relative energy of the two conformations is the difference between 
their methyl-hydrogen interactions: 14.8 — 2.8 = 12.0 kJ mol! (or 3.6 — 0.7 = 2.9 kcal mol"). 
The diaxial conformation A is less stable by this amount of energy. 
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When two groups on a substituted cyelohexane confiich in their preference for the equitor- 
ial position, the preferred conformation can usually be predicted (rom the relative cantorma- 
tional preterences of the two groups. Consider. [or example. the chair interconversion of eit- 
| tert buts [-4-methy les elohexane, 


H 1 


M NN 
„р ` fm, 
Hye S —= / СОМ жр 


| VÀ н <= = j 
CH; 
| CH: Ev 
smaller! Н.е. / CH, 


Larger | 


The terr-buts | group ts so large that its van der Waals repulsions control the conformational 
equilibrium (see Eq. 7.7. p 2801. Henge. the спат conformation in which the tert-butyl group 
assumes the equatorial position is overwhelmingly favored, The meths | group is thus forced 
to take up the axral position. 
Phere is so Hle ot the coatormition with an axial zezrbulsl АЛИШ chests sas sometimes iu 
Ihe conformational equilibrium is “hogked” This statement gs sone Dat misleading Peruusse Wn 1m1- 
plies that the to conformations are nob ar equilibrium. The equilibrium indeed eccurs rapidis. hut 
simpls: contains vers [iile ob the conformation in which the rerr-buty | group is axial. 


PROBLEMS 
| PROBLEMS: 7.8 Calculate the energy difference between the two chair conformations of erans- T,-dimethyl- 
cyclohexane. 


7.9 Calculate the energy difference between cfs-|.4-dimethyleyclohexane and the more stable 
conformation of rens- 1 4-dimethyleyciohexane. 


C. Use of Planar Structures for Cyclic Compounds 


Although many сус compounds (such as eyelohexane and its derivatives) have nonplanar 
conformations, planar structures of these compounds can be used tor siuations in which con- 
tormational issues are nol important. [n this notation, the structures of cyclic compounds are 
represented by planar polygons with the stereochemistry of substituents indicated hy dashed 
or solid wedges, [n this type of structure. imagine viewing the ring Irom above. If a substituent 
i* up. the bond to itis represented by a solid wedge: if itis down. the bond to iis represented 
as a dashed wedee. [n this convention, one enantiomer of reis ]2-dimethylIoyelohexane ean 
he drawn as follows; 


l 

i hinat 

| | 
1 


„СЕ, 
CH, 
mE i 
up 
A planar structure for eis-],2-dimethyleyelohexane ean be drawn in either of bo ways: 
/ CH, E CH, 
ar ХАКІ 

CH, “CH, CH, 


cis-1,2-dimethylcyciohexane 
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The two planar structures are deris ed. respectivels, by viewing the ring from above or below, 
That the two structures are equivalent can be turther demonstrated by turning either one over: 


T PW 
р turn 180 (7.61 


“CHL, 


A planar structure does not comes any conformational information. That is, so long as all 
conformations are viewed from the same faece of the ring, the chur mlerconversion does not 
mterehange wedges and dashed lines because H does not change the up or down relationship 
of ihe ring substituents, 


CI 
a dio = oe X both: (FAT 
ae d ү А 
GEH. . І 
CH Cl CH, 


ыараан) 7.10. Draw a planar structure for each of the following compounds using dashed or solid wedges 


to show the stereochemistry of substituent groups. 

(a) cis- 1, 3-«dimethyleyctohexane 

(b) rrears- 1, 3-dimeihyleyclohexane 

(c) (EL R.25.38)-2-chloro-1-ethyl-3-methyleyclohexane 
td C182 Re DI-2chloro-2-methyleyclopentane 


7.41 Draw the more stable chair conformation for each of the following compounds: 
(a) „Сн, ICL сї бб CH; 


О: 


ССН, C] ^CH(CH3) 


D. Stereochemical Consequences of the Chair Interconversion 


The chair intereonverson has some interesting stereochemical consequences that can be ius- 
trated with interconversion dimethylevelohexanes, First, consider. ci-l.ł-dimethyteyelo- 
hexane. The chirality of either conformation can he demonstrated by showing that its mirror 


Hnage iS noncengruent. 


mirror 


[Io MSN 
£— Mu Veo 
| 


Сї, CH, 


nemeongruüent mirror images of eis b2-dimethyleyclohexane 
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However, the chair interconversion converts one enantiomer into the other: 


CH; chair interconversion 
= 
a umum (7.18) 


H;C CH; 
А B 


| enantiomers 


From the way they are drawn, structures A and 8 may not look like enantiomers, but they are! 
You can see this by turning structure B 120? about a vertical axis: 


A. „1207 


y B 


STUDY GUIDE LINK 7.1 isthesameas — HiC (7.19) 
Relating 
Cyclohexane 
Conformations 
CH, 
B enantiomer of structure А 


[п other words, cis-1,2-dimethyleyclohexane is a mixture of conformational enantiomers 
(Sec. 6.10À). Because these enantiomers are interconverted very rapidly, they cannot be sep- 
arated at ordinary temperatures. Consequently, cis-1,2-dimethyleyclohexane is not optically 
active at ordinary temperatures. 

Cts- 1,3-dimethylIcyclohexane. another molecule with two asymmetric carbons, is a mixture 
of conformational diastereomers: 


CH; Y ! 
1 chair interconversiorn 


CH; CH; 


diastereomers 


Yet, even though each conformation has two asymmetric carbons, neither conformation is chi- 
ral because each has an internal plane of symmetry. 


Lm 


CH; 
CH; CH; 
[ За planes of symmetry АСА 


In other words, both conformations are meso. Cis-),3-dimethyicyclohexane is thus а rapidly 
interconverting mixture of two different meso compounds. each a diastereomer of the other. 
Like any meso compound, cis- 1.3-dimethylcyciohexane is achiral and optically inactive. 

The planar structures of both сєїз-1.2- and cis-1.3-dimethylevcelohexane have internal mir- 
ror planes (planes of symmetry). 
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CY plane of symmetry 

чы der ud. plane ef symmetry ру эз) 
| - CE 

cis- 1,2-dimethylcyclahexane 


cis-L,3-dimethylcyclohexane 


AS weve just seen, Ihis plane corresponds to an actual plane of symmetry in either confor- 
mation al cfs-b.3-dimeths leyelohexane (Ey. 7211. However, this isnot 4 plane of symmetry 
in the case of ers-].2-dimethylesclohexane, because each conformation is chiral and has no 
symmetry plane, The symmetrs of the planar structures of cfs-].2- and cés- 1] 3-dimethyley- 
clohexane thus conceals a subtle difference between the teo somers. Crs-|.2-dimethyles eclo- 
hexane is aware of chiral (end enantiomeric) conformations m rapid equilibrium. Al- 
though it docs not exhibit optical actisity. at ordinary temperatures, at a temperature so low 
that the rate of the chair interconversion would be neeligible. it could in principle be sepa- 
rated mto enantiomers, each of which would be optically active. CF 1,3-dimethivIeyelo- 
hexane. on the other hand, is a mixture of meso conformations. Although these. too. might be 
separated at a very low temperature. neither conformation would be optically active because 
neither is chiral; Generally speaking. then, асе compound has asymmetrie carbons, aml 
IF its planar structure has an internal mirror plane. one of tao things most be true: either the 
compound 15 a rapidis. equiliberating mixture of conformational enantioemers. or the com- 
pound is meso. [n either case. though. the compound cannot be isolated in optically. actise 
form at room temperature, 

The enantiomers of rets- 1,3-«dimweiths leyclohexane represent a different situation. We can 
see from its planar struetures that rrena- F.2-dimethvleyelohexane 15 chiral, 


mirrer 


CLL, HNN 


^H Huc 


noncongruent mirror images 


enantiomers of trans- 1,2-dimethylcyclohexane 


The chair interconversion converts euch enantiomer inte a conformational digstereomer: 


= | enaniiomers к — 
E " 
Б Pr CH, | Ка e E m 
-onformational | chair chair | SE E ll 
оп rmauonai | | Ue Toons ersten mie cas CES ECE i hz Пп Brmauong. 
diastereomers | | diastereomers 
UH, HC 
bw! MAL. 
P ——— 
CH; HC 
l | 


enantiomers ; (7.23) 
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Thus, each of the rS o enantiemers ot prs: ]:2-dimethsdesclohexane is a rapidly imntervons erl- 
ing mixture of cenfermational diastereomers. Because merma- 1.24 limetbsievelehexane is chi- 
ral. each enantiomer is capable of independent existence amd ean be isolated im optically. ac- 


tive form. 


| PROBLEMS Е e : | | 
7.12 Determine whether each of the following compounds ean in principle be isolated in optically 
active form under ordinary conditions. 


(a) trans-1,3-dimethyleyclotiexane 
(b) 1.1-dimethylcyciohexane 
(c) cis-1,4-dimethylevelohexane 
(d) cis- 1-ethyl-3-methylcyelohexane 
7.13 (a) Does trans- 1 -A-hitnethylevelohexane contain asymmetric carbons? If so, identify them. 
(b) Does trars-|4-dimethy¥icyciohexane have ans stereocenters? ГЕ so, identify them. 
(c) What is the stereochemical relationship of the (wo. chair. conformations of. frens- 
|,4-dimethdeyelohexane? 
(d) Is trans- 1.4-dimethyleyciohexane chiral? 
7.14 What is the relationship of the to structures in each set? That is. are they identical mole- 
cules, enantiomers. or diastereomers? 


(a) CH, (bi 


CYCLOPENTANE, CYCLOBUTANE, AND CYCLOPROPANE 


A. Cyclopentane 


Csclopentane. like evclohexane, exists in a puckered contormatien. called the envelope con- 
formation (Fig. 7.10) This conformation undergoes very rapid conformational changes in 
which each carbon alternates as the “point” of the envelope. 

The heats of formation im Table 7.1 tp. 269) show that evelopentane has somes hat hieher 
energy than cyclohexane. The higher energy of eyclopentine is due mostis lo eclipsing be- 
iveen hydrogen atoms, which is also shown in Fig. 7.10, 

Substituted cyclopentanes also exist in envelope conformations. but the substituents adopt 
positions that minimize van der Waals repulsions with newhboring groups. For example. in 
meths lesclopentane. the methyl group assumes ап equatorial position at the point of the 


enselope. 
H 
Sos "CH = | 
Fi «_— pA М1! i£ 3M 
equatorial е CH; 
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TT 
299 à 


\ 


Figure 7.10 A ball-and-stick modei of the envelope conformation of cyclopentane. The hydrogens shown in 
blue are either eclipsed or nearly eclipsed with the blue hydrogens on adjacent carbons. 


When а cyclopentane ring has two or more substituent groups, сіх and trans relationships 
between the groups are possible. Just as in cyclohexane. 


CH, CHLCH. 


CH, 


cis- 1,2-dimethylcvclopentane CH(CH;): 


trans-l-ethyl-3-isopropylcyclopentane 


Cyclobutane and Cyclopropane 


The data in Table 7.1 (p. 269) show that cyclobutane and cyclopropane are the least stable of 
the monocyclic alkanes. Іп each compound. the angles between carbon—carbon bonds are con- 
strained by the size of the ring to be much smaller than the optimum tetrahedral angle of 
109.5*. When the bond angles in a molecule deviate from their ideal values, the energy of the 
molecule is raised in the same sense that squeezing the handles of a hand exerciser increases 
the potential energy of the resisting spring. This excess energy, which ts reflected in a greater 
heat of formation, is called angle strain. Hence. angle strain contributes significantly to the 
high energies of both cyclobutane and cyclopropane. 

Puckering of the cyclobutane ring avoids complete eclipsing between hydrogens. 
Cyclobutane consists of two puckered conformations in rapid equilibrium (Fig. 7.11). 


Figure 7.11 Cyclobutane consists of two identical puckered conformations in rapid equilibrium. As in cyclo- 
hexane, the equilibrium causes axial hydrogens (blue on the left) to became equatorial, and vice versa. 
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Figure 7.12 The orbitals that overlap to form each C—C bond in cyclopropane do not lie along the straight line 
between the carbon atoms. These carbon-carbon bonds (black fines) are sometimes called "bent" or "banana" 


bonds. The C—C—C€ angle is 60° (purple dashed fines), but the angles between the orbitals on each carbon are 
closer ta 105° (blue dashed lines}, 


Because three carbons detine a plane, the carbon skeleton of cyclopropane is planar; thus, 
neither its angle strain nor the eclipsing interactions between its hvdrogens can be relieved by 
puckering. As the data in Table 7.1 show, cyclopropane is the least stable of the cyclic alkanes. 

$ The carbon-carbon bonds of cyclopropane are bent in a “banana” shape around the periphery 
of the ring. Such “hent bonds" allow for angles between the carbon orbitals that are on the order 
Further Exploration 7.2 bod . | А үе» 
Alkenelike Behavior ot 105°, closer to the ideal tetrahedral value of 109.5" (Fig. 7.12). Although bent bonds reduce 
of Cycloprapanes angle strain, they do so at a cost of less effective overlap between the carbon orbitals. 


PROBLEMS 
7.15 (a) The dipole moment of trans-1.3-dibromocyclobutane is 1.1 D. Explain why a nonzero 


dipole moment supports a puckered structure rather than a planar structure for this 
compound. 


(b) Draw a structure for the more stable conformation of trans-|.2-dimethylcyclobutane. 
7.16 Tell whether each of the following compounds ts chiral. 

(a) cis-],2-dimethyleyclopropane 

(b) trans-1.2-dimethylcyclopropane 


BICYCLIC AND POLYCYCLIC COMPOUNDS 


A. Classification and Nomenclature 


Some cyclic compounds contain more than one ring. If two rings share two or more common 
atoms, the compound is called a bicyclic compound. If two rings have a single common atom, 
the compound is called a spirocyclic compound. 


OO ay 


bicyclo[4.3.0]nonane ^ bicyclo[2.2.1 |heptane spiro| 4.4 |nonane 
L—— — {bicyclic compounds) ——————3À 


(a spiracyclic compound) 
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The atoms at which two rings are joined in a bicyclic compound are called bridgehead 
carbons. Bicyclic compounds are further classified according to the relationship of the 
bridgehead carbons. When the bridgehead carbons of a bicyclic compound are adjacent, the 
compound is classified as a fused bicyclic compound: 


bridgehead carbons {^1 at adjacent positions 


a fused bicyclic compound 


When the bridgehead carbons are not adjacent, the compound is classified as a bridged 
bicyclic compound: 


bridgehead carbons (*) not adjacent 


a bridged bicyclic compound 
The nomenclature of bicyclic hydrocarbons is best illustrated by example: 


p one-carhon bridge 


ШАКАЛ ИК. bridge — 
-— — three-carbon bridge 


bicyclo[ 3.2.1 |octane 


(* = bridgehead carbons) 


This compound is named as a bicyclooctane because it is a bicyclic compound containing a 
total of eight carbon atoms. The numbers in brackets represent tbe number of carbon atoms in 
the respective bridges, in order of decreasing size. 


Study Problem 7.4 


Give the IUPAC name of the following compound. (Its common name is decalin.) 


Solution The compound has two fused rings that contain a total of 10 carbons, and is therefore 
named as a bicyclodecane. Three bridges connect the bridgehead carbons: two contain four car- 
bons, and one contains zero carbons. (The bond connecting the bridgehead carbons in a fused- 
ring system is considered to be a bridge with zero carbons.) 


zera-carhon bridge 
| 


| p` 
lout-carhon bridge ——— eS -— — four-carbon bridge 


bicyclo[4.4.0]decane 


[* = bridgehead carbons) 


The compound is named bicyclo[4.4.0]decane. 
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i ENDS 7.17 Name the following compounds: 
(a) ih} CT] 


7.18 Without drawing their structures. tel! which ot the follawing compounds ts à fused bieyclic 
compound and which is а bridged bicyclic compound. and how sou know. 


bicyclo[ 2. 1.1 jkexane (A) Русе $. LO [hexane GB 


Some organig compounds соат many rings joined at common atoms: these compounds 
ате called polyevelie compounds. Among the more intriguing polyeyelic compounds are 
those that have the shapes of regular geometric solids; Three of the more spectacular esamples 
are cubane, dodecahedrane. and tetrühedrane. 


cubane dodecahedrzane tetrahedrane 


Cubane. whieh contains geht —CH— groups at the corners of a cube, was first synihesized 
in 1964 by. Protessor Philip Eaton and his associate. Thomas W. Cole at the Untversity of 
Chicago. Dodecahedrane, in which 27000 CH - groups occups the corners ob a dodecahedron, 
wis synthesized in 1982 by ateam of organie chemists led bs Professor Leo Paquette of the 
Ohio State University. Tetrahedrine itself has not yielded to synthesis, although a derivative 
contaming rer Бих | substituent groups at each corner has been prepared. Chemists tackle the 
syntheses of these very рген molecules not only beeause thes represent interesting problems 


in chemical bonding, but also because of the sheer challenges of the endeavors. 


B. Cis and Trans Ring Fusion 


Two rings ina fused bievelic compound сап be joined in more than one was, Consider, for ex- 
ample, hicyclo[4.4.G]decane. which has the common name есет. 


dlecalin 
(bicvclo[ 4.4.0 decane) 


There are (Wo stereoisomers of decalin. In efs-deealin, (io — CH.— groups ol rng B reircles! 
аге eis substituents on ring A; likewise; (yo —CH.— groups of ring A (squares) are алх sub- 
stituents en ring 8, 
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= NN 2 | | i 4 
ring i | rne n Н 

planar structure 

chair vondermatimt 


гїз-Цесайп 


The ais ring fusion сал be shown in a planar structure by showing the eis arrangements of the 
bridgehead hydrogens. 

In тгапху-фесанп. the — СН. 
arrangement. The tridgehend hs drogens are trans-diaxial. 


groups adjacent to the ring fusion are in a qmanms-diequatorial 


LI 
H 
Куш T 


L7 2650] 


|I | 
| | E 
chair centermaltien planar һіғи тах 
trans-decalin 
Both crs- and teees-decalin have two equis alent planar structures: 
|| H 
ar ar 
H 
tramns-decalin — — —— — — ris-decalin 


Each eselohexane ring in em-decalin ean undergo the chair interconversion. You should 
verity with models that when one ring changes its conformation. the ether must change also. 
However, in freais-deealin, the six-membered rings can assume twist-bout conformations. bul 
thes cannot change into their alternative chair conformations, You should trs the chair inter- 
conversion with a model of £reis-decalin to see tor yoursel! the validity of this point. Focus 
an ring B ol the £ans-decalin structure in Eg, 7,2628. Notice that the two circles represent car- 
bons that are in effect со substituents on ring A. TE ring A were to convert into the other 
chair conformation, these two carbons in ring A would have to assume avg positions. bhe- 
gause, in the chair mtercanversion. equatorial groups become axial groups. When these two 
carbons are im axial positions. they are much farther apart than thes are 1n equatorial positrons: 
the distance between them rs simply too great to be spanned easily bs the remaining two car- 
bons ef ring B. 


distance easily chair 


Spanned m — -_— 
oa wo carbons din / itasse ^ L7. hi 
" gene ——._^ 


o é loo great to be 
излеа by 


iw cal ПОП 
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As a result, the chair interconversion introduces so much ring strain into ring 3 that the inter- 


conversion cannot occur. Exactly the same problem occurs with ring A when ring B undergoes 
the chair interconversion. 


PROBLEM | | T. ; : 
| PROBLEM | 7.19 How many 1.,3-diaxial interactions occur in cis-decalin? In trans-decalin? Which compound 


has the lower energy and by how much? (Hint: Use your models, and don't count the same 
1,3-diaxial interaction twice.) 


Trans-decalin 1s more stable than cis-decalin because it has fewer 1,3-diaxial interactions 
(Problem 7.19). Trans ring fusion, however, is not the more stable way of joining rings in all 
fused bicyclic molecules. In fact, if both of the rings are small, trans ring fusion is virtually im- 
possible. For example. only the cis isomers of the following two compounds are known: 

H H 


H H 


bicyclo| 1.1.0]butane bicvclo[3.1.0]hexane 


Attempting to join two small rings with a trans ring junction introduces too much ring strain. 
The best way to see this is with models, using the following exercise as your guide. 


PROBLEM À 
7.20 (a)Compare the difficulty of making models of the cis and trans isomers of 


bicyclo[3.1.0]hexane. (Don't break your models!) Which is easier to make? Why? 
(b) Compare the difficulty of making models of frans-bicyclo[3.1.0]hexane and frans- 
bicyclo[5.3.0]decane. Which is easier to make? Explain. 


in summary: 
і. Two rings can in principle be fused in a cis or trans arrangement. 


. When the rings are small, only cis fusion is observed because trans fusion introduces too 
much ring strain. 


rJ 


. In larger rings, both cis- and trans-fused isomers are well known, but the trans-fused 
ones are more stable because 1.3-diaxial interactions are minimized (as in the decalins). 


Effects (2) and (3) are about equally balanced in the Avdrindanes (bicyclo[4.3.0]nonanes ): 
heats of combustion show that the trans isomer is only 4.46 kJ mol"! (1.06 kcal mol^') more 
stable than the cis isomer. 


hydrindane 
(bicyclo|4.3.0|nonane} 


C. Trans-Cycloalkenes and Bredt's Rule 


Cyclohexene and other cycloalkenes with small rings have cis (or Z) stereochemistry at the 
double bond. Is there a trans-cyclohexene? The answer 15 that the trans-cycloalkenes with six 
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or fewer carbons have never been obsersed. The reason becomes obvious It you try to build а 
model of trens-cvcelohexene. In this molecule the carbons attached to the double bond are so 
far apart that its difficult to connect them with only two other carbon atoms. To do so either 
intreduces a great amount of stram. or requires (wasting the molecule about the double bond, 
thus weakening the overlap of the 2p orbitals involved im the m bond, Zreim-cexvelooctene is the 
smallest zreiis-eveloalkene that can be isolated under ordinary conditions; however, it is 47.7 
kJ mol! (1 Ld keal mol) less stable than its cis isomer. 

Closely related to the instability of fréegs-eveloalkenes is the instability of any small 
bridged hieyelic compound that has a double bond at a bridgehead atom. The following com- 
pound. lor example. is vers unstable and has never been isolated: 


brideehead 


bicyclo[ 2.2.1 |hept-1(2}-enc 
unknown l 


The instability of compounds with bridgehead double bonds has been generalized as Bredt's 
rule: / a bicycle cenpeund. a bridgehead atem eentaeined solely within nali rings cannot 
be part ofa double bond (A "small ring.” for purposes of Bredt’s rule, contains seven or fewer 
atoms within the ring.) 

The basis of Bredt’s rule is that double bonds at bridgehead carbons within small rings are 
twisted: that ts. the atoms directly attached to such double bonds cannor lie in the same plane. 
To see this, try to construct a model of hieyclo[2.2.1 [hept 12 )-ene. the bieyehe alkene shown 
above. You will see that the bieselic ring system cannot be completed without twisting the 
double bond. This is similar to the double-bond twisting that would occur in fredes-cyclohes - 
ene. Like the corresponding frams-cycloalkenes, Мехо compounds containing bridgehead 
double bonds solely within small rings are too unstable to bolate. Bievelic compounds thal 
have bridgehead double bonds within larger rings are more stable and ean he isolated. 


hicyclol 2.2.1 |hept- 112j-ene bicyclo] 4.4.1 |undec- 1(2]-ene 
too unstable te isolate stable enough tu isolate 


a 7.3| Use models if necessary to help you decide which compound within each pair should have 


the greater heat of formation. Explain. 


(a) (b) 
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D. Steroids 


Of the mans naturalls occurring compounds with fused rings, the аеону are particularly im- 
portant. A steroid is à compound with a structure derived from the following tetrucyelie ring 


Sv NDeI 


Steroids have a special numbering system. which is shown in the preceding structure. The var- 
louis steroids differ in the funcional groups that are present on this carbon skeleton. 

Two structural features are рагиси агу common im naturally occurring steroids, tbe. 7.133. 
The first is that in mans eases all ring fusions are trans; Because trans-fused cyclohexane rings 
cannot undergo the chair interconversion (see Eq. 7. 26b and subsequent discussion) all-trans 
ring fusion causes a steroid to be contermatienalls rigid and relatisels flat. This van be seen 
particularis. with the models mn Figs. 7.1 3e d. Second. mans steroids hive methyl] groups. 
called angular тейм at carbons [0 and 13. The hydrosens of these methyl groups are 
shown im voler in Figs. 7. 15e-4d. 

Many important. hormones and other natural. products are steroids. Cholesterol. occurs 
Whleis and was the first steroid to be discoxered (1775). The vorticosterotds and the sex hor- 
mones represent oo Вимова important classes if steroid hormones. 


CH Ol 


co 


cholesteral cortisone 
pan portani component of membranes: anti-tnillammatory hormone | 
principal cemponent of gallstattes; 
mor constituent ot atheresddlerotie plaquesi 


progesterone testosterone 
t human female sex hormone human male ses hormone! 


B 


2 
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igular methvls 


angular methyls 


~ (Ha 


a-face behind the page a-face ц H 
B-face in front of the page 
(a) ib) 
angular methyls 
angular methryis A, 
Р 
-face 


"YP Y. M». 
Ре, 


t-face 


а, B-face Р 
т 


vs ) 


tr- асе 
(c1 id} 


Figure 7.13 Four different representations of the steroid ring system. (a) A planar structure. (b) A perspective 
structure. (c) A ball-and-stick model. (9) A space-filling model. Notice the all-trans ring junctions and the extended, 
relatively flat shape. The hydrogens of the angular methyl groups are shown in blue in parts (c) and (а). 


Sources of Steroids 

Prior to 1940, steroids were obtained only from such inconvenient sources as sows' ovaries or the 
urine of pregnant mares, and they were scarce and expensive.In the 1940s, however, a Pennsylvania 
State University chemist, Russell Marker (1902-1995), developed a process that could bring about 
the conversion of a naturally occurring compound called diosgenin into progesterone. 


НС g^ Os 


HC 


veral st ' 
several steps progesterone 


diosgenin 
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(Various forms of this conversion, called the Marker degradation, are still in use.) The natural source 
of diosgenin is the root of a vine, cabeza de negro, genus Dioscorea, which is indigenous to Mexico. 
The Mexican government nationalized the collection of Dioscorea in the early 19705, and subse- 
quent overharvesting led to a decrease in the diosgenin content and a 10-fold price increase. 

About two-thirds of modern synthetic steroid production starts with Dioscorea, which is now 
grown not only in Mexico but also in Central America, India, and China. More recently, practical in- 
dustrial processes have been developed that start with steroid derivatives from other sources. For 
example, in the United States, a process was developed to recover steroid derivatives from the by- 
products of soybean-oil production, and these are used to produce synthetic glucocorticoids and 
other steroid hormones. Some estrogens and cardiac steroids are still isolated directly from natural 
SOUIces. 


RELATIVE REACTIVITIES OF STEREOISOMERS 


The remainder of this chapter focuses on the importance of stereochemistry in. organic 
reactions, To begin, this section develops some general principles concermmyg the relative re- 


activities of stereoisomers. 


Relative Reactivities of Enantiomers 


Imagine subjecting a pair of enantiomers to the same reaction conditons. Will the reactivities 
ot the enantiomers differ? As an example, consider the following reaction, in which a chiral 
alkene reacts with borane: 


CH; eum 


1 | 
3Ph—C—CH—UH, + BH, ——— | Ph—C—CH.— C-B 


H I] ^ 
ta chiral Кепе! 


Do the R and S enantiomers of this alkene have different reactivities? A general principle ap- 
phes to situations like thas. бегона react at the seme rates with an achiral тейде. This 
means thal the enantiomers of the alkene in Eg. 7.27 react with borane, an achiral reagent. al 
exactly the same rates to give their respective products in exactly the same vielg. 

An analogy from common experience ean help you understand why this should be so. Con- 
sider your feet an enantiomerie pair of objects. Imagine placing first your right foot, then your 
felt, in a perfectis rectangular box—an achiral object. Each foot will fit this box in exactly the 
same was. H the box pinches the big toe on your right foot. a will also pinch the big toe on 
your lett foot in the same way. Just as your feet interact in the same way with the achiral box, 
se enantiomeric molecules react in exactly the same way with аста reagents. Because bo- 
rane 1s an achiral reagent. the two alkene enantiomers in Eg. 7.27 react with borane in exactly 


(he same wis. 

Enantlomers have identical reactivities with achiral reagents hecause eagantieiners. have 
identical free energies, That is. free energies, like boiling points and melting points, are among 
the properties that do not differ between enantiomers (Sec. 6.31. Both the starting materials in 
Eq. 7.27 and their respective transition slates are enantiomeric. The enantiomeric transition 
states have identical free energies, as do the enantiomeric starting materials. Because relative 
reactivity is determined by the difference in free energies of the transition state and starting 
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material. and because this difference is identical for both enantiomers, enantiomers react at 
identical rates. 

suppose, though, that each enantiomer of the alkene in Eq. 7.27 reacts, in turn, with an 
enantiomerically pure сло reagent, such as the following borane: 


Ph Ph 


h W \, 
ee «| monk den, 
Pie = ощ you 
Wf CCH CH, И Енен, (128a) 
CH, CH, 
fo" — 
Hac ae а Мсн, = | diastereomers 
B 
M E 
H N^ 
^ 06 KO uo V 
(2R,5R)-2,5-dimethylborolane E ESI НС GA, 7.2 
[a chiral borane | ЕМ : : mii е ve 
/ CH=CH, Ir CH — CH, 


Ph lh 


The following general principle applies lo this situation: Enantiomers react at different rates 
withi à chiral reagent, This means that if one mole of the alkene racemate (one-half mole of 
each enantiomer) were to react with one-half mole of the chiral borane. one of the diastere- 
omerie products in Eq. 7.28 would be formed in a greater amount than the other: the alkene re- 
maining after the borane is consumed would be enriched in the less reactive enantiomer. 

Another analogy might help you see why this result is reasonable. Imagine alternately plac- 
Ing your right foot. then vour left; in your right shoe а chiral object. Your right and left feet 
Interact differently with your right shoe: your shoe fits one foot but not the other. The enan- 
Homeric objects (fect) interact differently with the chiral shoe. Likewise. a pair of chiral mol- 
ecules interact differently with a chiral reagent. The interaction of one alkene enantiomer in 
Ey. 7.28 with the chiral borane 1 more favorable than the interaction of the other. 

Enantiomers have different reactivities with chiral reagents because diastereomers ауе 
different free energies. Just as diastereomers differ in their other physical properties. they also 
differ in their free energies (Sec. 6.61. In this vase. the transition state for the reaction of one 
enantiomer (Eq. 7. 28a) ts the dédastereemer of the transition stale for the reaction of the other 
(Ey. 7.286). Because diastereomerie transition states have different energies, the reaction of 
one enantiomer occurs more rapidiy than the reaction of the other. (Note. however. that we 
may be unable to predict which enantiomer will be more reactive.) 

The reactivity of enantiomer ean be generalized in two equivalent ways: 


і. Enantiomers differ in their chemical or physical behavior only when they interact with 
other chiral abjeets or Forces. 

2. Enantiomuers behave ditferently oniy under conditions that cause them to be involved in 
diastereomerie interactions, 


Many important examples of these principles occur in biology. Recall from Sec. 4.9C that 
enzymes are biological catalysts, When the starting material for an enzyme-catalyzed reaction 
Is chiral. im most cases an enzvme ceaeulvzes the reaction ef only one enantiomer of a pat For 
example. the enzyme Fumarase (See, AIAJ ut 37 "C catalyzes the dehydration of endy the 5 
enantiomer of malate to fumarate. (This is an important reaction of the Krebs. or citric acid, 
Сесе 
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Een H CO: 
| ШНА ЕК i TEC — 
Ls a RH C=. + TC (7.241 
| { E 3H d. { x Я 
„8 OC Н 
СН 
fumarate 


(Si-malate 


СО: 
| f PLA _ _ 
m _ ES = - Duo reaction ERAI 
E / CHEO А 
Or 


( R]- malate 


This Mergochentical selectis ity occurs because aff euzyines are enantoenericati pure cht 
ral melecuiles; Consequently. the interaction of an enzyme with the (wo enantiomers of tis sub- 
Strate produces diastereomerie transition slates: 


enzyme + (5)-substrate | enzyme, S substrate E» products 


an enantiomerically pure diastereomeric transition states; тин 


chiral molecule | therefore, different reaction rates 


enzyme + (R) -substrate -| enzyme, | R)-substrate p products 


In most cases. the energy ditlerenee belween the Ovo transition states is so dares that the reug- 
tion of only one enaniiomer—the 5 enantiomer in the cause of fumarase catals sms occurs at au 
useful rate. As we would expect [rem this section; both enantiomers of malate react at the 
хате rate in the absence of enzyme (although à much higher temperature. 175 7C. is required). 


Fnantiomeric resolution (Sec, 6,8118 another important application ol these principles. The 

4 enantiomers to he resolved assume different properties when thes interact w ih an enantiomer- 

Further Exploration 7.3 ically pure resolving agent tthe “chiral object ^) to form diastereomers. The phenomenon of 
Optical Activity optical actis ity is yer another example of the same idea. isee Further Exploration 7.3.) 


PROBLEM | , 
7.22 Apply the principles of this section to solve cach of the following problems. 


(a) Assuming equal strength in both hands, would your right and left hands differ in their 
ability to drive a nail? To nghien a screw with a screwdriver? 

(b) Imagine that а certain Mr. D. has been visited by a certain Mr. L. from elsewhere in the 
universe. Mr. D. and Mr. L. are alike in every way, except that they are noncongruent mir- 
ror images! You have to introduce each of them at an international press conference, bul 
neither will agree to give Iis name. How would vou tell them apart? (There may be sew- 
eral wavs.] 


B. Relative Reactivities of Diastereomers 


Diastereoiners in general have Чегет reactivities tow and «nv reagent. whether the reagent is 
chiral or achiral. The reason is that both the starting materials and the transition states are ali- 
astereomerte, and diastereomers have different tree energies. Consequently. their standard free 
energies of activation, and hence their reaction rates, must in principle dier. Thus, the two 
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diasicreomeric alkenes cis- and f£reiis-2-butene react al different rates with all reagents, We 
nas mot he able to prediet which alkene is more reactive or by how much. but we сап be sure 
that the two alkenes АЗН not be equally reactive. 


REACTIONS THAT FORM STEREOISOMERS 


Sector 7,7 discussed the reactivity of stereoisomers when they are subjected to the same 
chemical reaction, Here in See. 7,8 we consider (vo important situations in which reactions 
result in the formation of sereaisomers. Are the stereoisomers formed at the same rates? Are 
they formed 1n the same amounts? 


A. Reactions of Achiral Compounds That Give Enantiomeric Products 


Suppose a chemical reaction ol achirat starting materials sitelds a chiral product. An example 
ot such a reaction is the addition of HBr to styrene. 


РА СНС, + 11 —e Ph CII—CH, (7.31) 


styrene Rr 


L1-bromoethyl) benzene 


Netther of the reactunts. -styrene nor HBr—is chiral; However. the product et the reaction. il- 
hramothy benzene, is chiral. This product could be either ol two enantiomers or both. It ts 
always true that yden сй produci are forged fram achiral starting materials. bot елан 
Homers of a pair are abveys formed at identical rates. Thalis. the product is always the race- 
mate, (This is why racemates occur widely in chemistry) Thus. in the example of Fg. 7.31. 
equal amounts ot Aj- and CS)-(1-bromocthy! ipenzene are Formed, Another way of expressing 
the same principle is that optice! qcmvity never arises хрена dii the reactions of aeli- 
ral сотреннх. 

Understanding this idea hinges on the fact (See. 7.7 A rift à pair ol enantromers have iden- 
ical energies. For any chiral transition state in the reaction pathway, there is an enantomerie 
Lransition state of equal energy. Because the enantiomeric transition states are formed [rem the 
same Starling material, the two enantiomers of the product are formed with identical free en- 
ereles of activation. Henge. they are formed at identical rates; and therefore im identical 
amounts, As a result. the product is a bb mixture oF A and 5 enantiomers the racemate. bor 
example. i HBr addition to styrene thg. 7.31. chirality is established when the bromide ion 
donates electrons to the achiral carbocation at either lobe of the vacant 2р orbital. The ive 
enantiomeric modes of Lewis acid-base association eceur wilh equal rates. 


Bi 


Fa 
^ 


" l — 4 
Нг E enantiomeric reaction 


А : +. " 
Ph—CH—CH, ж Ph TESCH Вг — | pathways (equally likely) КАМ. 
bs CH, 
achiral Ph © / 
: ( wa! | | R 
—— — I A 
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When any sort of chiral influence is present for example. а chiral solvent. or a chiral cat- 
alyst then the situation changes. [n such a situation, two enantiomers of a pair are lormed in 
different amounts. Once again, enzyme catalysis provides many important examples of this 
phenomenon. Let us return, for example, to the reaction diseussed in Ey. 7.29a, and think 
about it /n reverse, In this reaction, Fumarate and water, both achiral compounds. are converted 
into malate. achiral compound: 


H UO, ra 
PRSS — Е 
Н.О = = 2 = “OCC. 
ONC H malate 
[racemate! 
Fumarate 


If this reaction is carried out in the laboratory at £75 °C. the malate produced 15 the raceniate. 
as expected from the previous discussion. In biological systems. however, this reaction Is cal- 
alyzed at a much lower temperature by the enzyme fumarase, end the product malate is the 
enantiemnerically pure 5 enantieiner, 


H COS CO, 
_ шты | 
Н.О) + C=C = — chs (7.34) 
- Tm H Ts 
m / OH 
QC H CHICOS 
fumarate 


(5)-malate 


Why should the enzyme catalyze the lormation of one enantiomer and not the other? 

Recall again that fumarase and all other enzymes are eneniiemerivally pure chiral mole- 
cules; Because the transition state for the reaction of water and tumarate includes the chiral 
enzyme, then the А and the 5 transition states, which are enantiomers in the absence of the en- 
zyme, are diastereomers in the presence of the enzyme. 


> (К )-transition state + enzyme | (no reaction observed } 


enzyme + HLO + fumarate — diastereomers | 


an enantiomerically pure > |(S)-transition state + enzyme] ——»  (S)-malate + enzyme 


chiral molecule 


(7. AÑ 


Diestereemeric transition states have different free energies, Because the 5 enantiomer of 
malate is formed more rapidly (so much more rapidly that the R enantiomer ts not formed al 
all}, the transition state leading to malate of 5 configuration must have lower free energy. 
Although we have considered the stereochemistry of the forward and reverse reactions of the 
malate а fumarate equilibrium separately (See. 7,74), it is important to understand thal 
when the stereochemistry of the reaction in one direction is established. the stereochemistry in 
the other direction is automatically established as well: that is. the stereochemustry of the for- 
ward and reverse reactions of an equilihrium mius? be connected. Recall from Sec. 4.9 thai e te- 
alyat must dave the same effect on the forward and reverse of a reaction. Thus, because the re- 
action оку (Si-malate is catalyzed by fumarase in the malate ——* fumarate direction (Ец. 
7.29), then ему the formation of CS i-malate 18 catal zed in ihe fumarate —— malate direction 


(Ец. 7.34). 


STUDY GUIDE LINK 7.2 
Reactions of Chiral 
Molecules 
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In ihis section and in Sec; 7,7. we have seen the consequences of enzyme chirality on the 
stereochemistry of enzyme-calalyzed reactions. Although enzymes provide some of the best 
examples of chiral catalysis, chemists have also produced a variety of synthetic chiral catalysts 
und reagents. Henge. the stereochemical selectivity of enzymes is not particularly unique, al- 
(hough the degree of selectivity af enzymes Is greater than that of most synthetic catalysts, 

To summarize: When chiral compounds are formed trom achtral starting materials. the 
product is raceme леха the reaction is carried out under the influence of a chiral environ- 
ment such as a chiral solvent or a chiral catalyst. En that case. the predominance of one enan- 
Homer can be expected, 


Enantiomeric Resolution in Nature 


When a chiral compound occurs in nature, typically only one of its two enantiomers is found. That 
is, nature is а source of opticolly active compounds. For example, the sugar glucose occurs only as 
the dextrorotatory enantiomer; the naturally occurring amino acid leucine is the levorotatory 


enantiomer, 
HOCH, *NH; 
чо О | 
HO OH He CHACHICHs) 
OH CO, 
B-(*)-glucopyranose {-}-leucine 


(one form of (4)-glucose) 


Many scientists hypothesize that eons ago the first chiral compounds were formed from simple, 
achiral starting materials, such as methane, water, and HCN. This hypothesis presents a problem. As 
shown in Sec, 7, BA, reactions that give chiral products fram achiral starting materials always give the 
racemate; net optical activity cannot be generated in the reactions of achiral molecules. If the bio- 
logical starting materials are all achiral, why is the world full of optically active compounds? Instead, 
it should be full of racemates! (This would mean that somewhere in the world your noncongruent 
mirror image is studying organic chemistry!) The only way out of this dilemma is to postulate that at 
some point in geologic time, one or more enontiomeric resolutions must have occurred, How could 
this have happened? 

This question has generated much speculation. However, many Scientists believe that the first 
enantiomeric resolution occurred purely by chance. Although we've said that a spontaneous 
enantiomeric resolution never occurs, a more accurate statement is that such an event is highly 
improbable. For example, you learned in Sec. 6.8 that spontaneous crystallization of one enan- 
tiomer can occur if a supersaturated solution of a racemate is seeded by a crystal of one enan- 
tiomer. Perhaps the spontaneous crystallization of a pure enantiomer took place on the prebiotic 
earth, seeded by a speck of dust with just the right shape. The question is an intriguing one, and 
no one really knows the answer. 

Given that one or more enantiomeric resolutions occurred by chance at some time during the 
course of natural history, it is not difficult to understand how nature continues to manufacture enan- 
tiomericaily pure compounds. You've just learned that enzymes catalyze the formation of optically 
active compounds from achiral starting materials, and, when the starting material of an enzyme-cat- 
alyzed reaction is chiral, an enzyme will catalyze the reaction of only one enantiomer. Such catalytic 
discrimination between stereoisomers quarantees a high degree of enantiomeric purity in naturally 
occurring compounds, 
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B. Reactions That Give Diastereomeric Products 


Some reactions can in principle give pairs of diastereomeric products. as in the following 


example: 
CH; CH, CH, 
BH af}, 
Mi ab: and/or (7.36) 
ГНЕ OH E 
"ОН "ОН 
trans isomer cis isomer 
(observed) (not observed) 


all products are racemic 


[n this case, either the cis or trans diastereomer of the product might have been formed. In gen- 
eral, when diastereomeric products can be formed in a reaction, they are always formed at dif- 
ferent rates, and different amounts of each product are formed. 

Without knowing more about the reaction, however. we might not be able to predict witch 
diastereomer is the major one, but we can always expect one product to be formed in greater 
amount than the other. (In Eq. 7.36, the trans isomer is formed exclusively: we'll see why in 
Sec. 7.9D.) 

Diastereomers are formed in different amounts because they are formed through diastere- 
omeric transition states. In general, one transition state has a lower standard free energy than 
its diastereomer. The diastereomeric reaction pathways thus have different standard free ener- 
gies of activation and therefore different rates, and their respective products are formed in dif- 
[erent amounts. 

Remember that when the starting materials are achiral, each diastereomer of the product 
will be formed as a pair of enantiomers (the racemate) by the principle of Sec. 7.8A. This is 
the situation, for example. in Eq. 7.36. Here's a drawing convention vou should be aware of: 
For convenience we sometimes draw only one enantiomer of each product, as in this equation, 
but in situations like this it is understood that each of these diastereomers vist be racemic. 


Study Problem 7.5 


What stereoisomeric products could be formed in the addition of bromine to cyclohexene? 
Which should be formed in the same amounts? Which should be formed in different amounts? 


Solution Before dealing with any issue involving the stereochemistry of any reaction, 
first be sure you understand the reaction itself. Bromine addition to cyclohexene gives 


1.2-dibromocyclohexane: 
Br 
Br 


1,2-dibromocyclohexane 


Next, enumerate the possible stereoisomers of the product that might be formed. The product. 
1.2-dibromocyclohexane, can exist as a pair of diastereomers: 


Br Br 


Br “Br 


cis-1,2-dibromocyclohexane trans-1,2-dibromocyclohexane 
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The trans diastereomer can exist as a pair of enantiomers, and the two enantiomers of the cis di- 

astereomer are rapidly equilibrated by the chair interconversion and cannot be separated (Sec. 

7.4D). Hence, three potentially separable stereoisomers could be formed: the cis isomer and the 

two enantiomers of the trans isomer. Because the cis and trans isomers are diastereomers, they are 

AA formed in different amounts, (You can't predict at this point which one predominates, but we'll re- 

turn to that issue in Sec. 7.9C.) The two enantiomers of the trans diastereomer must be formed in 

Analysis of Réaction identical amounts. Thus, whatever the amount of the trans isomer we obtain from the reaction, it 
Stereochemistry is obtained as the racemate—a 50:50 mixture of the lwo enantiomers. 


PROBLEMS - | ; , з ТЕМЕ 
7.23 What stereoisomeric products are possible when cis-2-butene undergoes bromine addition? 
Which are formed in different amounts? Which are formed in the sàme amounts? 


ie 7.24 Whal stereoisomeric products are possible when frams-2-butene undergoes hydrobora- 
D T tion-oxidation? Which are formed in different amounts? Which are formed in the same 


amounts? 


mi 
PT 
"л 


Write all the possible products that might form when racemic 3-methylcyclohexene reacts 
with Вг,. What is the relationship of each pair? Which compounds should in principle be 
formed in the same amounts, and which in different amounts? Explain. 


STEREOCHEMISTRY OF CHEMICAL REACTIONS 


At this point, 11 may seem that stereochemistry adds à complicated new dimension to the study 
and practice of organic chemistry. To some extent, this is true. No chemical structure is com- 
plete without stereochemical detail. and no chemical reaction can be planned without consid- 
ering problems of stereochemistry that might arise. This section examines the possible stere- 
ochemical outcomes of two general types of reaction: addition reactions апа substitution 
reactions. Then. some addition reactions covered in Chapter 5 will be revisited with particular 
attention to their stereochemistry. 


A. Stereochemistry of Addition Reactions 


Recall that an addition reaction is a reaction in which a general species X — Y adds to each 
end of a bond. The cases we've studied so far involve addition to double bonds: 


R R R R 
C=C + ХҮ —— ЕСС (7.37) 

A. || 

R R X y 


An addition reaction can occur in either of two stereochemically different ways. called syn- 
addition and anti-addition. These will be illustrated with cyclohexene and a general reagent 
А1, 

The stereochemistry of addition to a double bond is discussed with reference to the plane 
that contains the double bond and its four attached groups. The sides of this plane are called 
faces. The side of the plane nearest the observer is the top face, and the other side ts the bet- 
tom face. 
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=! observet 


lop ace i 
| 
| 
P M ( 4d : AM | 
plane ol the double born 


bottom face 


[n a svzt-addition, two groups add to a double bond from the same face: 


А E 
ur mo а= + {7.39а) 
Y С" ү 


X and Y Add [rom — X and VY add from 
the top tace the bottom face 


Syn «addition: 


In an anti-addition, two groups add to a double bond trom opposite faces: 


Anii-additien: 


t ASY — FEKDT 


X adds from top face: & adds trom bottom faces 
Y adds from bottom tace Y adds from top face 


itis also conceivable that an addition might occur as a mixture of syn and anti modes. In 
such a reaction, the products would be a mixture of all of the products in both Eqs. 7.39a-h. 
Examples of both syn- and ani-additions. as well as mixed additions. will be examined kiter 
In this section. 

As Eqs. 7. 39a-b suggest. the syn and anti modes of addition can be distinguished Ay end- 
уно the stereochemistry of the products. In Eq. 7.3943. for example, the cis relationship ot the 
eroups X and Y in the product would tell us that a svar-addittion has occurred. Thus, the stere- 
ochemistrs of an addition сап be determined edy when the stereochemically different modes 
of addition give rise to stereochemteally different products, Thus, when (wo groups X and Y 
add to eths lene (H.C—CH.). the same product (ХСН. СНУ у results whether the re- 
action is à хуле or an anti-addition. Because this produet can t exist as stereoisomers. we can t 
tell whether the addition is syn or anti. A more general way of stating the same point is bo sity 
that syn- and anm-additions give different products only when Perf carbons of the double bond 
become carbon stereocenters in the product. IF you stop and think about it, this should make 
sense, becuuse (he question of ayn- and anti-addition is a question of the relative stereachem- 
istry at beth carbons, and the relative stereochemistry cannot be determined tf both carbons 
aren | stereoeenters, 


Stereochemistry of Substitution Reactions 


[n a substitution reaction, one group is replaced by another. ín the following substitution re- 
aclion, for example. the Br is replaced by OH: 


НСВ: + ЗОН — ACOH +:ЙЁЙт:- 7.40) 
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The oxidation. step of hydroboration-extdation is also a substitution reaction in. which the 
boron is replaced by an OH group. 


"OH + зно -OH + (€CLGCII4B. ——9 3CH.CH.—OH + МОН}, (741) 


A substitution reaction can occur in two stereochenneally different ways, called rerentiesi 
of confirmation and diversion of configuration. When a group X^ replaces another group X 
with retention of configuration, then X and X^ have the same relative stereochemical posi- 
tions. Thus, in the following example. if X ts eis to Y, then X is also cis 10 Y. 


Substitution with retention of configuration! 


X id 
replace X with X ( 7. du 


Y Y 


Substitution with retention also implies that if X and X^ have the same relative priorities i the 
К. system. then the carbon that undergoes substitution will have the same configuration in the 
reactant and the produet. Thus, if this carbon has (for example) the А configuration in the start- 
ing material, it has the same, or А, configuration in the product. 

When substitution occurs with inversion of configuration, then X and X' have different 
relative stereochemical positionis; Thus, if X is cis to Y in the starting material, X^ is trans to 
Y in the product: 


Substitution WHA inversion of eeufiguration: 


`A BA 
гре X with A UL A^h) 
i + 


Y ii 


Substitution with inversion also implies that if X and X^ have the same relative priorities in the 
ALS system. then the carbon thal undergoes substitution must have opposite configurations in 
the reactant and the product, Thus. if this carbon has (for example? the A configuration in the 
starting material. it has the opposite, or S. configuration in the product. 

As with addition, it is also possible that a reaction might occur so that both retention and 
inversion ean occur al comparable rates їп a substitution reaction. [n such à case. stereorso- 
meric products corresponding to both pathways will he formed. Examples of substitution re- 
actionis with inversion, relention, and mixed stereochemistry are all well known, 

As Eqs. 7.J2aü-h suggest, analysis of the stereochemistry of substitution requires that the 
carbon that undergoes substitution must he a stereocenter in both the reactants and the prod- 
ucts. For example. in the following situation, the stereochemistry of substitution cannot he 
determined. 

nel a 
Ste Coie Tiber x 


substitution by X with retention 


Xx 


sane compound {74А} 


кылп by N with inversion 


Because the carbon that undergoes substilution is not a stereocenter, the same product is ob- 
tained from both the retention and inversion modes of substitution, 
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study Problem 7.6 


А reaction in which particular stereoisomers of the product are formed in significant excess 
over others is said to be a stereoselective reaction. Thus. an addition that occurs only with 
anti stereochemistry, as shown in Eq. 7.39b, is a stereoselective reaction because only one pair 
of enantiomers is formed to the exclusion of a diastereomeric pair. A substitution that occurs 
only with inversion, as shown in Eq. 7.42b. is also a stereoselective reaction because one di- 
astereomer of the product is formed to the exclusion of the other. 

This section has established the stereochemical possibilities that might be expected in two 
types of reactions: additions and substitutions. The remaining sections apply these ideas in dis- 
cussing the stereochemical aspects of severa] reactions that were first introduced in Chapter 5. 


Stereochemistry of Bromine Addition 


The addition of bromine to alkenes (Sec. 5.2A) is in many cases a highly stereoselective reac- 
поп. The addition of bromine to cis- and trans-2-butene can be used to apply the ideas of Sec- 
tion 7.9B to a noncyclic compound as well as to show how the stereochemistry of a reaction 
can be used to understand its mechanism. 

When cis-2-butene reacts with Br,, the product is 2,3-dibromobutane. 


HC $5 3 Вг |" 
Н H 2,3-dibromobutane 


cis-2-butene 


You should now realize that three stereoisomers of this product are possible: a pair of enan- 
tiomers and the meso compound (Problem 7,23). The meso compound and the enantiomeric 
pair should be formed in different amounts (Sec. 7.8B). If the enantiomers are formed, they 
should he formed as the racemate because the starting materials are achiral (Sec. 7.8A). 

When bromine addition to cis-2-butene is carried out in the laboratory. the only product is 
lhe racemate. Bromine addition to trans-2-butene, in contrast, gives exclusively the meso 
compound. To summarize these results: 


Experimental facts: 


Br Br 
Br. (7.45) 
H,C—CH>CH—CH; tne ПОСЕ Н — Е — Cis 
cls — 9% racemate 
trans ———— mesu 


This information indicates that addition reactions of bromine to both cis- and trans-2-butene 
are highly stereoselective. Are these additions syn or anti? Because the alkene is not cyclic (as 
it is in Eq. 7.39), the answer is not obvious. Study Problem 7.6 illustrates how to analyze the 
result systematically to get the answer. 


According to the experimental results in Eq. 7.45, is the addition of bromine to cis-2-butene a syn- 
or an anti-addition? 


Solution To answer this question, you should imagine both syn- and anti-additions to cis-2- 
butene and see what results would be obtained for each. Comparison of these results with the 
experimental facts then shows us which alternative is correct. 
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If bromine addition were syn, the Br, could add to either face of the double bond. (In the fol- 
lowing structures, we are viewing the alkene edge-on as in Eq. 7.38.) 


Br Br 

F I no LN | | „© Н 3 H © fr, С „СНз 
С == С as “© — = ч 

He" T wg Н” ug 

TIT 

addition 10 addition to 

upper face lower face 

RE К x CH; HC : 

f ү | lay Rr 


meso-2,3-dibromobutane 


This analysis shows that syn-addition from either direction gives the meso diastereomer. Because 
the experimental facts (Eq. 7.45) show that cis-2-butene does not give the meso isomer, the two 
bromine atoms cannot be adding from the same face of the molecule. Therefore svii-addition does 
not occur. 

Because bromine addition is not a sya-addition, presumably it is an anti-addition. Let's verify 
this. Consider the anti-addition of the two bromines to cis-2-butene. This addition, too, can occur 
in two equally probable wavs. 


Br Br 
HiC,, | С „СН; Н iC А. | «CH, 
Cae" C=C" 
не [н T 
р | 
„р ii „gb P 
> Hea cm 
d m Br y 
ы 2R,3R 


(+)-2,3-dibromobutane 


This analysis shows that each mode of addition gives the enantiomer of the other; that is, the two 
modes of anti-addition operating at the same time should give the racemate. Because the experi- 
mental facts of Eq. 7.45 show that bromine addition to cfs-2-butene indeed gives the racemate. 
this reaction is an anti-addition. 

It is very important that you analyze the addition of bromine to trans-2-butene in а similar 
manner to show that this addition, too, is an entrr-addition. 


As suggested at the end of Study Problem 7.6, you should have demonstrated to yourself 
that the addition of bromine to frans-2-butene is also a stereoselective anti-addition. In fact, 
the bromine addition to most simple alkenes occurs exclusively with anti stereochemistry. 
Bromine addition is therefore а highly stereoselective anti-addition reaction. 
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LZ 


STUDY GUIDE LINK 7.4 
Sterioselective 
and Sterospecific 
Reactions 


The study of the stereochemisirs of bromine addition to the 2-butenes raises an important 
philosophical point. To claim that bromine addition to the 2-butenes Is an anr-addition requires 
that the reaction be investigated on Бей the cis and trans stereoisomers of 2-Dutene. Ht is con- 
ceivable (hat. in the absence of experimental evidence, алаа оп might have been observed 
Wilh one stereotsomer of the 2-butenes and sya-addition with the other, Had this been the result. 
the bromine-addivion reactions would still be highly stereoselective, but we could not have 
made the were general claim that bromine addition to the 2-butenes is an enti-addition. 

Reactions such as bromine addition, in which different siereoisomers of a starting material 
ave different stereoisomers of a product, are called stereospecific reactions. As the discus- 
ston in the previous paragraph demonstrates. all stereospecific reactions are stereoselective. 
but not all stereoselective reactions are slereospecilic. To put it another was. all stereospecitie 
reactions are a agbser of all stereoselective reactions. 

Why (s bromine addition a stereospecitie ai-addition? The stercospeciticits of bromine ad- 
dition is one of the main reasons that the bromintunt-ron mechanism. shown in Egs. 5.12-5.13 
on p. 183. was postulated. Lets see how this mechanism can account for the observed results. 
First. the bramonium ion ean [orm at either face of the alkene. (Reaction at one face is shown 
in the following equation: vou should show the reaction atthe other face and take your struc- 
tures through the subsequent discussion, } 


^ та 

(:Br: 

‘S| 

‘Br? + 

Ç ) pr: 

Ha ‚ „Н / ` . 

C=C —— Eo Wes JUS UT ANI 

HT “ен, Hy; үи 
HU CH; 


Broemonium-ien formation as represented here is а syz-addition because even though only one 
eroup has added to the double bond. the methyl groups and hydrogens have the same (ets? re- 
lattonship in both reactant and product. 

W formaton of the bromonium ion is a sva-addition. then the anmt-addition observed in the 
overal] reaction with bromine must be established by the siereochemistry of the reaction Pe- 
месел the bromonium ton and the bromide ton. Suppose that the bromonium ion reacts with the 
bromide ion by backside substitution. This means that the bromide ion donates an electron pair 
to a carbon at the face opposite to the bond that breaks, which in this case ts the carbon—hromine 
bond. A backside substitution reaction тим occur with diversion of configuration (Sec. 7 9B). 
because, as the substitution takes place, the methyl and the hydrogen must ss ing upwards (green 
arrows) to maintain the tetrahedral contiguration of carbon, Reaction of the bromide ion at one 
carbon yields one enantiomer: reaction at the other carbon yields the other enantiomer, 


Gun H TE 
/N B / 
C—U. — с 
H\/ МО NW / NCH 
CH; } Cll: Br CH. 
den 
EN p (£)-2,.3-dibromobnutane 17,49] 
: Вг » ‘Rr: H 
Ё \ x SUCH, 
Eus —— "xt 
H"/ МУН H'/ E 
CH, | CH: ET ITE 


Bee 


Н. 


— Hr 
El 


S 


ERNS 
C=C 
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Thus. formation of a bromonium ion followed by backside substiritton of bromide is a mech- 
anism that accounts far the observed anti-addition of Br; to alkenes. in general, when a nucle- 
ophile reacts at a saturated carbon atom in any substitution reaction. backside substitution is 
observed. (Backside substitution is explored further in Chapter 9.) 

Might other mechanisms be consistent with the anti stereochemistry of bromine addition? 
Lets see what sort of prediction a carbocatton mechanism makes about the stereochemistry of 
the reaction, 

Imagine the addition of Br; to cis-2-butene to give a carbocation intermediate. (Bromine 
addition at the upper face is shown below.) FE the carbocation lasts long enough to undergo at 
[east one internal rotation, then both diastereomers of the products would be formed even it à 
hromonium jon formed subsequenth : 


Bi ЖШ 
+ 4H f) ^ e „Н | ae 
кш. D = „С. —— cae 
br SHY I “ен, He \ 
CH: Cll, N " CH, o Br 
— Brie 


TS lasmate 
1807 internal * 


rotat 


Hr Br Br CH, 
\ + CHG | x. АСИ, 
с=с „ c— О 
Hy NH "y АЛ H 
CH, CH, ТИ CH, CM 
lh тече 17.504 


The reaction. then, would not be stereoselectis e. Because this result is not observed (Eq. 7.45), 
à carbocation mechanism ts not in accord with the data. This mechanism also is ze: m accord 
with the absence of rearrangements in bromine addition, The bromonium-ion mechanisim. 
however, aeceunts for the results in a direct and simple way. The credibility of this mechanism 
has been enhanced by the direct observation of bromonium tons under special conditions. [n 
1985. the stricture of à bromonium ion was determined bx X-ray crystallography. 

Does the observation of anti stereochemistry prove the bromonium-ien mechanism? The 
answer 1s no. o anechaniyn is ever proved. Chemists deduce a mechanisin by gathering 
as much information as possible about a reaction, such us its slereochemistes, the presence und 
absence of rearrangements, and so on. and ruling out all mechanisms that do nob fit the 
experimental tacts. [f someone can think of another mechanism that explains the facts; then 
that mechanism is just as good until someone finds a way to decide between the two by a new 
experiment. 


| PROBLEMS | | ; ; OP ; : 
7.26 Assuming the operation of the bromonium-ion mechanism, give the structure of the 


product(s) (including all stereoisomers) expected from bromine addition to cyclohexene, 
(See Study Problem 7.5 on p. 304.) 

7.27 [n view of the bromenium-ion mechanism for bromine addition, which of the products in 
your answer to Problem 7.25 (p. 305) are likely to be the major ones? 
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D. Stereochemistry of Hydroboration-Oxidation 


Because hyilroboratien-oxidation involi es two distingit reactions, 1s stereochemical outcome 
IS a consequence of the stereochemistry of bork reactions, 
Hs droboration rs a stereospectlio svi-add ition, 


CH. CH 
T “Н 
Н — ВК _ 
"BR. 
T1 


| Paene! 


Notice again the strueturedras ing com entien used here: Eyen though Just one enantiomer of the 
product is shown, the product is racemte because the starting materials are achiral (See. 7.8A 1, 
The sve-addition of borane. along with the absence of rearrangements, is the major evi- 
dence for a concerted mechanism ot the reaction. 
R;B—H 


; i oss | | concerte] 
4 (C — 5 ү syii-adidition p ud 


Occurrence of an enti-addtition by the same concerted mechanism would be s irtually nnpossi- 
ble. because it would require an abnormally, long B —H bond ta bridge opposite Faces of the 
alkene 7 bond. 


К.В К.В concerted antiaddition 
"E F | : wild ceguire an 
косе LE m j шма В — H TERT 
"D N \ bond length 
H E 


The oxidation of organoboranes ts a stereospecitie ААР reaction at oceurs with re- 
tention of stereochemical configuration. 


HC. FC 
T.H E 


Hes, {7 


F 
afl 
r 
E 
ar 


"BR. 5, 
Hs н 9H 


trans-2-mcethylcyclohexanol 


6 We won't consider the meehanism of this substitution im detail here. but we ean certainly con- 
clude that it does nor invelve backside nueleophilie substitution: (Wh) The mechanism ps 
Further Exploration 7.4 - a > ae -—- 
Stereochemistry of Spon nin | ип Explor ation 7.4.3 D | | 
Organoborane Г results Irom Eqs. 7.51 and 7.53 taken together show that Zvelroboration-exidution of 


Oxtaation an dikene rings about the net swr-adedition af the elements of НОЙ ro the double bend. 
H—ER; М НО» 117 зг "M 
NC EIU: | " at і | ое 
хта Oan " ut e 191131» : 
" BR: canliguratien ЕС "OH 
11 а 


i-methylcvelohexene 
(+)-érats-2-methyleyclahexanol] 
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As far as is known, alt hydroboration-oxidation reactions of alkenes are stereospecific svn- 
additions, 


Notice carefully that the —H and —OH are added in a syn manner, The trans designation in the 
name of the product of Eq. 7.54 has nothing to do with the groups that have added—it refers to the 
relationship of the methyl group. which was part of the alkene starting material, and the —OH group. 
Notice again the drawing convention: only one enantiomer of each chiral molecule is drawn, but it 15 
understood that the racemate of each is formed. 


PROBLEMS ; ; | 
7.28 What products, including their stereochemistry. should be obtained when each of the 
following alkenes is subjected to hydroboration-oxidation? (D — deuterium — *H.) 


(a) НС CH; (b) H,C D 
NEN, еа HE 
Go C=C 
PARE / : 
D D D CH; 


7.29 Contrast the results in Problem 7.28 with those to be expected when cis- and trans-2-butene 
(not isotopically substituted) are subjected to the same reaction conditions. 


E. Stereochemistry of Other Addition Reactions 


Catalytic Hydrogenation Catalytic hydrogenation of most alkenes (Sec. 4.9A) is a stereo- 
specific syzr-addition. The following example is illustrative; the products are shown in eclipsed 
conformations for ease in seeing the stereochemical relationships. 


H H 
Ph.. sls pare М. 8 
"C=C * + i.” "= MERE ea те ре (17.550) 
-— не " acetic acid Ph* "CH 
HC Ph айе, з x = 
H;C Ph 
racemate 
H H 
Ph. ,Ph Pd/C 
“C=C + Н, — ee жы (7,55b) 
- ы - acetic acid H.C "СН 
HC CH; (solvent | / \ | 
Ph Ph 


meso Somer 


Results like these show that the two hydrogen atoms are delivered from the catalyst to the 
same face of the double bond. The stereospecificity of catalytic hydrogenation is one reason 
that the reaction is so important in organic chemistry. 


Oxymercuration-Reduction Oxymercuration of alkenes (Sec. 5.4A) is typically a stereo- 
specific anti-addition. 


He H 
-— = ай Z2: 5 bem н, (7.56) 
H.C CH, + X. 
HC HgOAc 


(racemic) 
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(What result would you expect for the same reaction of trans-2-butene? See Problem 7.30.) 
Because this reaction occurs by a cyclic-ion mechanism (Eqs. 5.20c-d, p. 188) much like 
bromine addition, it should not be surprising that the stereochemical course of the reaction is 
the same. In the reaction of the mercury-containing product with NaBH,, however, the stere- 
ochemical results vary from case to case. In this example, a deutertum-substituted analog. 
NaBD,. was used to investigate the stereochemistry, and it was found that mercury is replaced 
by hydrogen with loss of stereochemical configuration. 


HO H HO H HO E 
. Le CHa MaD- Em Ec y 
m а: айыы RDA HE oe © pre wee Gur (5T) 
P Ж Y: g^ den 
НС НаОАс H.C E Hat CH; 
(equal amounts of each) 
Py a Hence, oxymercuration—reduction is in general not a stereoselective reaction. Despite its lack 


Nine of stereoselectivity, the reaction 1s highly regioselective and is very useful in situations in 

sue p ab ca ps which stereoselectivity is not an issue, such as those in which both carbons of the double bond 

Stereoselectivity in the alkene starting material are not simultaneously converted into stereocenters as a result 
мане of the reaction. 


7.30 (a) Give the product(s) and their stereochemistry when rrans-2-butene reacts with Hg(OAc). 
апа H,O. 

(b) What compounds result when the products of part (a) are treated with NaBD, in aqueous 

NaOH? Contrast these products (including their stereochemistry) with the products of 
Eq. 7.57. 


7.34 For which of the following alkenes would oxymercuration—reduction give (a) a single di- 
astereomer; (b) two diastereomers; (c) more than one constitutional isomer? Explain. 


HC 
CH, 


у Oa OQ 


KEY IDEAS IN CHAPTER 7 


@ Except for cyclopropane, the cycloalkanes have puck- tions. Cyclohexane and substituted cyclohexanes un- 
ered carbon skeletons. dergo the chair interconversion, in which equatorial 
groups become axial, and vice versa. The twist-boat 
conformation is a less stable conformation of cyclo- 
hexane derivatives. Twist-boat conformations are in- 
terconverted through boat transition states, 


ш Ofthe cycloalkanes containing relatively small rings, 
cyclohexane is the most stable because it has no 
angle strain and it can adopt a conformation in which 
all bonds are staggered. 

ш А сусіоһехапе conformation with an axial substituent 
is typically less stable than a conformation with the 
same substituent in an equatorial position because of 


W The most stable conformation of cyclohexane is the 
chair conformation. In this conformation, hydrogens 
or substituent groups assume axial or equatorial posi- 


unfavorable van der Waals interactions (1,3-diaxial in- 
teractions) between the axial substituent and the two 
axial hydrogens on the same face of the ring. The 1,3- 
diaxial interaction of an axial methyl group and an 
axial ring hydrogen is very similar to the interaction of 
the two methyl groups in gauche-butane. 


Cyclopentane exists in an envelope conformation. Cy- 
clopentane has a greater heat of formation per CH, 
than cyclohexane because of eclipsing between hy- 
drogen atoms. 


Cyclobutane and cyclopropane contain significant 
angle strain because their bonds are forced to deviate 
significantly from the ideal tetrahedral angle. Cyclo- 
propane has bent carbon-carbon bonds. Cyclobutane 
and cyclopropane are the least stable cycloalkanes. 


Cycloalkanes can be represented by planar polygons in 
which the stereochemistry of substituents is indicated 
by dashed or solid wedges. 


Bicyclic compounds contain two rings joined at two 
common atoms, called bridgehead atoms. if the 
bridgehead atoms are adjacent, the compound is a 
fused bicyclic compound; if the bridgehead atoms are 
not adjacent, the compound is a bridged bicyclic 
compound. Either cis or trans ring fusion is possible, 
Trans fusion, which avoids 1,3-diaxial interactions, is 
the most stable way to connect larger rings; cis fusion, 
which minimizes angle strain, is the most stable way 
to connect smaller rings. Polycyclic compounds con- 
tain many fused or bridged rings (or both). 


Cycloalkenes with trans double bonds within rings 
containing fewer than eight members are too unsta- 
ble to exist under normal circumstances. 


Bicyclic compounds consisting of small rings contain- 
ing bridgehead double bonds are also unstable 
(Bredt's rule) because such compounds incorporate a 
highly twisted double bond. 


The following fundamental principles govern reac- 
tions involving stereoisomers: 


1. A pair of enantiomers have identical reactivities 
unless the reaction conditions cause them to be 
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involved in diastereomeric interactions (for exam- 
ple, a chiral catalyst, a chiral solvent, and so on). 


2. Diastereomers in general have different reactivities. 


3. Chiral products are always formed as racemates in 
a chemical reaction involving achiral starting ma- 
terials, unless the reaction conditions create di- 
astereomeric interactions (for example, a chiral 
catalyst, a chiral solvent, and so forth). 


4. Diastereomeric products of chemical reactions are 
formed at different rates and in unequal amounts. 


Addition reactions can occur with syn or anti stereo- 
chemistry. Substitution reactions can occur with reten- 
tion or inversion of configuration. The stereochemistry 
of a reaction is determined from the stereochemistry 
of the reactants and the products. Each carbon at 
which a chemical change occurs must be a stereocen- 
ter in the product in order for the stereochemistry of 
the reaction to be determined. 


In a stereoselective reaction, some stereoisomers of the 
product are formed in excess of others. A stereospecific 
reaction is a highly stereoselective reaction in which 
each stereoisomer of the reactant gives a different 
stereoisomer of the product. All stereospecific reactions 
are stereoselective, but not all stereoselective reactions 
are stereospecific. 


Bromine addition to simple alkenes is a stereospecific 
anti-addition in which the syn-addition of one 
bromine to give a bromonium ion is followed by the 
nucleophilic reaction of bromide ion with inversion of 
configuration. 


The hydroboration of alkenes is a stereospecific syn-ad- 
dition, and the subsequent oxidation of organobo- 
ranes is a substitution that occurs stereospecifically 
with retention of configuration. Thus, hydrobora- 
tion-oxidation of alkenes is an overall stereospecific 
syn-addition of the elements of H—OH to alkenes. 


Catalytic hydrogenation is a stereospecific syn-addi- 
tion. Oxymercuration-reduction is not always stere- 
oselective (and therefore not stereospecific), because 
the replacement of mercury with hydrogen can occur 
with mixed stereochemistry. 
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7.35 


7.36 


ADDITIONAL PROBLEMS 


Draw the structures of the following compounds, 
(a) a bicyclic alkane with six carbon atoms 

ib) C5)-4-cyclobutyleycloahexene 

Nume Ihe compound whose structure you drew in 
part (а). 


Draw the structures of the following compounds. 

(а) A bicyclic alkane with nine carbon atoms in which 
two of the bridges contain two carbon atoms, 

(b) (A)-3-ethyleyclobutene 


Which of the following would distinguish (in principle) 
between methyleyclohexane and (£ )-4-methyl-2-hex- 
ene? Explain vour reasoning. 

(a) molecular mass determination 

(b) uptake of H, in the presence of a catalyst 

(c) reaction with Br. 

(d) determination of the molecular formula 

(е) determination of the heat of formation 

(Гу enantiomeric resolution 


State whether you would expect each of the following 
properties to be identical or different for the two enan- 
tiomers of 2-pentanol. Explain. 

(b) optical rotation 

(ci solubility in hexane (4) density 

(е) solubility in (5)-3-methylhexane 

(f) dipole moment 

{с} taste (Hini: Your taste buds are chiral.) 


(a) boiling point 


Draw the structure of each of the following molecules 
after it undergoes the chair interconversion. 


(al \ 
a 77% 


(bi CH; 


OH 


in} РА 
ОСН; 


(Hinr: A chair interconversion of one ring 
requires à simultaneous cbair interconversion 
of the other.) 


7.37 Draw a structure for each of the following compounds in 


7.38 


7.39 


its more stable chair conformation, Explain your choice. 
а! CH; 
„CH; 


(CHA) 
(bi 


{a} Chlorocyclohexane contains 2.07 times more of the 
equatorial form than the axial form at equilibrium al 
25 C. What is the standard free-energy difference 
between the (wo forms? Which is more stable? 

(b) The standard free-energy difference between the 
two chair conformations of isopropyleyclohexane is 
9.2 kJ mol ^! (2.2 kcal mol !). What is the ratio of 
concentrations of the two conformations at 23 °С? 


Which of the following alcohols can be synthesized rel- 
atively free of consututional isomers and diastereomers 

by (a) hydroboration-oxidation; (b) oxymercuration-re- 
ductton? Explain. 


OH 


| 
CH;CH; — (si — CH,CH.CH; 


7.40 For each of the following reactions, provide the follow- 


ing information. 

(a) Give the structures of all products (including 
stereoisomers). 

(b) If more than one product is formed, give the stereo- 
chemical relationship (if any) of each pair of 
products. 


7.41 


7.42 


(c) If more than one product is formed, indicate which 
products are l'ormed in identical amounts and which 
in different amounts. 

(d) if more than one product is formed, indicate which 
products are expected to have different physical 
properties (melting point or boiling point). 


Н; J. 
В Hai 


(1) d лано) AME. s THE NaOH 


CH; CH; 


(21 CHiCH;CH;C-—CH; + НВг —- 


CH,CH, 


(3) CH,CH;,CH=CH, m Br; =e 


Hath 


aa 


(4) ae + Во omc, 


Ph 


| Pri 


PdC 


Draw the structures of the following compounds. (Some 

paris may have more than one correct answer. ) 

(a) an achiral trimethyleyciohexane for which the chair 
interconversion results in identical molecules 

(hi an achiral trimethvlevelohexane with two chair 
forms that are conformational diastereomers. 

(c) a chiral trimethyleyclohexane with two chair forms 
that are conformational diastereomers 

(d) a tetramethyleyclohexane with chair forms that are 
conformational enantiomers 


Draw a contormational representation of the following 
steroid. Sbow the a- and B-faces of the steroid. and 
label the angular methyl groups. 


7.43 


7.44 


7.45 


7.46 


7.47 
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Draw the two chair conformations of the sugar 

й-{ + )-glucopyranose, one form of the sugar glucose. 
Which of these two forms is the major one at 
equilibrium’? Explain. 


CHOH 


"OH 


OH 


tt-(-)-glucopyranose 


From your knowledge of the mechanism of bromine ad- 

dition to alkenes, give the structure and stereochemistry 

of the product(s) expected in each of the following reac- 

lions. 

(a) addition of Br, to (3&.5R)-3,5-dimethyleyclopentene 

(b) reaction of cyclopentene with Вг. in the presence of 
Н.О (Hint: See Sec. 5.2B.) 


Anti-addition of bromine to the following bicyeltc 
alkene gives two separable dibromides. Suggest struc- 
tures for each. (Remember that rrans-decalin derivatives 


cannot undergo the chair interconversion. ) 


When |,4-cyclohexadiene reacts with two equivalents 
of Br,, two separable compounds with different melting 
points (188 °C and 255 °C) are formed. Account for this 


observation. 


An optically active compound A with molecular for- 
mula С.Н, , undergoes catalytic hydrogenation to give 
an oplically inactive product. Which of the following 
structures Гог A is (are) consistent with all the data? 
(à) CH, tb) CH, @ CH; 


| 
CH; 


(d) CH; (a) НС 
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7.48 Draw a chair conformation for (5)-3-methylpiperidine 7.51 
showing the хр" orbital that contains the nitrogen un- 

shared electron pair. How many chair conformations of 

this compound are in rapid equilibrium? (Hint: See 

Sec. 6.10B.) 


CH, 


HN: 
(5)-3-methylpiperidine 


7.49 Which of the following compounds could be resolved 
into enantiomers at room temperature? Explain. 


(а) CGjH,—N-—C(CH,, | (b) CH;CH, 


CH,CH(CH;); N 
Ma 
CH; 


CH;CH, 
N 
en 
Н 


Explain why 1-methylaziridime undergoes amine inver- 


7.53 


(d) 


- 
un 


7.54 
sion much more slowly than 1-methylpvrrolidine. 


(Hint: What are the hybridization and bond angles at 
nitrogen in the transition state for inversion?) 


cr [ х—сн, 


1-methylaziridine 1-methylpyrrotidine 


KM ni 
— 


CHCH., PEH=CHCH:; HCH, OH" 


Á 


Figure P7.51 


fumarase 


D,O + C=C 
' / 37°С 


=i H 
fumarate 


Figure P7.52 
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Alkaline potassium permanganate (KMnO,) can be 
used to bring about the addition of two —OH group to 
an alkene double bond. This reaction has been shown in 
several cases to be a stereospecific syz-addition. Given 
the stereochemistry of the product shown in Fig. P7.51, 
what stereoisomer of alkene A was used 1n the reaction? 


Explain. 


(a) When fumarate reacts with D-O in the presence of 
the enzyme }итагихе (Sec. 4.90, 7.7 À, and 7.84). 
only one stereoisomer of deuterated malate is 
formed, as shown in Fig, P7.52. Is this a syn- or an 
anti-addition? Explain. 

(b) Why is the use of О.О instead of H,O necessary to 
establish the stereochemistry of this addition? 


Give the structure and stereochemistry of all products 
formed in each of the following reactions. 


(a) trans-2-pentene + Br, —— 


(b) trars-3-pentene + Br. + Н.О ж 
CxS 


{solvent} 


=. ШӨ 
(C) cis-3-hexene + D, —— 


HOOH 


(d! cis-3-hexene + BD, тнр 


tsolveni! 


Ву answering the Following questions, indicate the rela- 
lionship between the two structures in each of the pairs 
in Fig. P7.54. Are they chair conformations of the same 
molecule? If so, are thev conformational diastereomers. 
conformational enantiomers, or identical? If they are 
not conformations of the same molecule, what 1s their 
stereochemical relationship? (Hirt: Use planar struc- 
tures to help уоп.) 


OH OH 


CH;(CH;,CH — CH{CH;),CH,; 


meso stereorsomer 


ж 


-0:-C—CH—CH— CO7 


(25,3R)-malate-3-4 
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7.55 When |-methylcyclohexene undergoes hydration in (a) Of the nine stereoisomers of this compound, only 
Р.О. the product is a mixture of diastereomers: the hy- two can be isolated in optically active form under 
dration is thus ner a stereoselective reaction. (See Fig. ordinary conditions. Give the structures of these 
P7.55.) enantiomers. 

(a) Show why the accepted mechanism for this reaction (b) Give the structures of the two stereoisomers for 
is consistent with these stereochemical results. which the chair interconversion results in identical 
(Б) Why must D,O (rather than H-Q) be used to investi- molecules. 
gate the stereoselectivity of this addition? 
(c) What isotopic substitution could be made in the 71.87 Give the structure of every stereoisomer of 1,2,3- 
starting material, i-methylceyclohexene, that would trimethylcvclohexane. Label the enantiomeric pairs and 
allow investigation of the stereoselectivity of this ad- show the plane of symmetry in each achiral stereoisorner. 


dition with Н.О? 


- 
n 
= 


Which of the following statements about cis- and trens- 
7.56 Consider the following compound. decalin (Sec. 7.6B) are true? Explain your answers. 
С] (а) They are different conformations of the same 
molecule. 
(b) They are constitutional isomers. 
{с} They are diastereomers, 


Cl. gl 


CI CI (d) At least one chemical bond would have to be broken 
Cl to convert one into the other. 
(e) Thev are enantiomers. 


1,2,3,4,5,6-hexachlorocyclohexane { ў А 
({) They interconvert rapidly. 


(а) CH, CH; 
H,C-7 
H.C and НС | 
CH; 
(0) ы СН, 
Lf Sent 
HC and L—7— Lon, 
CH 
CH; Ht | 
(c) CH; я 
СН; 
А рч 
| СН 
К» and La | 
A 
CH, CH; 
Figure P7.54 
НС 
CH; Я „Ор 
D,ot | 
| Hp ——— = " 
D H 


both compounds are racemates 


Figure P7.55 
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One of the stereotsomers given in Fig. P7.59 exists with 
one af its cyclohexane rings in a twist-boal conforma- 
tion. Which is it? Explain. 


It has been argued that the energy difference between 
cis- and frans- 1,3-di-terr-butylcyclohexane is a good 
approximation For the energy difference between the 
chair and twist-hoat forms of eyclohexane. Using mod- 
els to assist you, explain why this view is reasonable. 


Rank the compounds given in Fig. P7.61 according to 
their heats of formation, lowest first. and estimate the 
AH" difference between each pair. 


Rank the compounds within each of the sets shown in 
Fig. P7.62 according to their heats of formation, lowest 
first, Explain. 


7.05 When (28.5 R-2,5-dimethylborolane (see following 
structure? is used to hydroborate cis-2-butene, and the 
product borane is treated with alkaline Н,О,. mostly a 
single enantiomer of the product alcohol is formed. 
What is the absolute configuration of this alcohol? Ex- 
plain why the other enantiomer is not formed. (Hint: 
Build models of the borane and the alkene. Let the bo- 
rane model approach the alkene model from one face of 
the т bond. then the other. Decide which reaction ts 
preferred by analyzing van der Waals repulsions in the 
transition state in each case. | 


H 19 gi. CH, 
B 
| 


H 


(2R,5R)-2,5-dimethylborolane 


CH; H CH, C(CH 3A 
/ ALH ala H 
H H 
A H 
H 
CH ; Hi 
CUCH i) 
д. MOH apa 
H 
c D 
Figure P7.59 
CH; CH; 
H H 
A H 
H4C 
H C 


Figure P7.61 
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7.64 (a) Whal two diastereomeric products could be formed 7.66 (a) The AG? for the equilibrium between A and 
in the hvdroboration-oxidation of the following B shown in Fig. P7.66a is 8.4 KI mol! (2.0 kcal 
alkene? CH mol"), (Conformation A has lower energy.) Use this 


information to estimate the energy cost of a [.3-di- 
axial interaction between two methyl groups: 


__ methyl-methyl 1,3-diaxial interaction 


(h) Considering the effect of the methyl group on the CH; 
approach of the borane- THE reagent to the double 
bond, suggest which of the two products you ob- 


=н... 


ш! 
CH; 


tained in part (a) should be the major product. 
(b) Using the result in part (a), estimate the AG® for the 
7.65 Propose a structure for the product X of the following equilibrium between C and D given in Fig. P7.66b. 
reaction and give a mechanism for its formation. Pay 


particular attention to the stereochemistry of each step. 


(Hint: Draw the conformation of the starting material.) 
H 


T Bra Єнєр”. A СНС) 


{ерітемі) 


: ‘CH, 
CH;OH 
Ci; HO 


(a) 


Figure P7.62 


un НС 


jae ae 
НС M Er H, 


ibi СН, 
m — n 
C CH, 


Figure P/.66 


D 
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7.67 The AG? for the equilibrium in Fig. P7.67a is 4.73 

kJ mol"! (1.13 kcal mol). (The equilibrium favors 

conformation А.) 

(a) Which behaves as if it is larger, methyl or phenyl 
(Ph)? Why is this reasonable? 

(b) Use the АС? given above, along with any other ap- 
propriate data, to estimate the 4G° for the two equi- 
libria in Fig. P7.67b. 


7.68 (a) The following two tricyclic compounds are 
examples of propellanes (propeller-shaped mole- 
cules), What is the relationship between these two 
molecules (identical, enantiomers, diastereomers)? 
Tell how you know. 


H Ph H Ph 


(b) The chemist who prepared these compounds wrote 
that they аге £Z isomers. Do you agree or disagree? 
Explain. 


7.69 (a) In how many stereochemically different ways can 
the two rings in a bridged bicychc compound be 
joined? 

(b) For which one of the following bridged bicyclic 
compounds are all such stereoisomers likely to be 
stable enough to isolate? Explain. 


(2) bicyclo[25.25.25 ]heptaheptacontane 
(А heptaheptacontane has 77 carbons.) 


CH, Ph 
A B 
(bitl) Ph 
8 
Ph 

(2) H,C 

CH, Ph P 

LM Ls n 
Ph CH, 


Figure P7.67 


Introduction to Alkyl - 
Halides, Alcohols, Ethers, 
Thiols, and Sulfides 


This chapter covers the nomenclature and properties of several classes of compounds. They 
are considered together because their chemical reactions are closely related. 

In ап alkyl halide, a halogen atom is bonded to the carbon of an alkyl group. Alkyl halides 
are Classified as methyl, primary. secondary, or tertiary, depending on the number of alkyl 
groups (red in the following structures) attached to the carbon bearing the halogen. A methyl 
halide has no alkyl groups. a primary halide has one, a secondary halide has two, and a tertiary 
halide has three. 

Y GCH, 
HC — Br H GEL — Br — Н.С po 


methy! bromide a primary CH,CH, CHICHI 
alkyl bromide - 
а secondary a tertiary 
alkyl bromide alkyl bromide 


In an alcohol, a hydroxy group, — OH, is bonded to the carbon of an alkyl group. 
Alcohols, too, are classified as methyl. primary, secondary, or tertiary. 
CHCH, 


| 
БжС — OH H;C—-CH;—OH H xum aio HC n Mi 

methyl alcohol a primary alcohol CHCH; CHICHah 
a secondary alcohol a tertiary alcohol 


Compounds that contain two or more hydroxy groups on adjacent carbons are called gly- 
cols. The simplest glycol is ethylene glycol, the main component of automotive anifreeze. 


HO — CH; — CH; — OH 
ethylene glycol 
(1,2-ethanediol) 
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Thials, sometimes culled mercaptans, are the sulfur analogs of aleohols In a thiol, a 
sulthydryl group. — SH. also called а mercapto group, is bonded lo an alkyl group. An ex- 
ample of a thiol is ethanethiol (ethyl) mercaptan). CH,CH,— SH, 

In an ether, an oxvgen is bonded to ТА carbon groups, which may or may not be the same. 
А thioether, or sulfide, 15 the sulfur analog of an ether. 


CH4CH.—O—UCH.CH, = CHECH;—O— CHEI WC S—CHLCH. 


diethyl ether ethyl isopropyl ether ethyl methyl sulfide 


The introduction to the functional e&roups in this chapter is Followed by chapters that de- 
scribe, im turn, the chemistry of each group. 


NOMENCLATURE 


Several systems are recognized by the IUPAC for the nomenclature of organic compounds, 
Substitutive nomenclature, the most Боа applicuble system. was introduced in. the 
nomencdature of both alkanes (Sec. 2, 4C) and alkenes (Sec. 4А and will be applied to the 
compound glasses in this chapter as well. Another widely used system that will be introduced 
in this chapter is called radicofunctional nomenclature by the IUPAC: tor simplicity. this 
system will be called common nomenclature, Common nomenclature is generally used ants 
tor the simplest and most common compounds, Although the adoption of a single nomenceia- 
lure system might seem desirable, historical usage and other factors have dictated the use of 
both common and suhstitutive names. 


A. Nomenclature of Alkyl Halides 


СЯ Common Nomenclature The common name of an alkyl halide is constructed from the 


name of the alkyl group (see Table 2.2) followed by the name of the halide as a separate word. 
STUDY GUIDE LINK 8.1 


Common И, CH - MM 
Nomenclature CH4CH;,—CI C]; 
ethyl chloride methylene chloride 
ICH. = group — methylene group? 


CH,CH5CH.CH.— Br  IECIRLCH -1 


butyl bromide isopropyl todide 
The common names of the following compounds should be learned. 


I[-C—UCH Н.С] Ph —C1i.— Вг =C] Cl Cll, 


allyl chloride benzyl hromide vinyl chloride carbon tetrachloride 


(Compounds with halogens attached te alkene carbons. such as vinyl chloride, are not alkyl 
halides. but it is consement to discuss their nomenclature here.) 

The allyl group, as the structure of ally! chloride implies. is the H.C—CH —CH.— 
group. This should not be confused with the vinyl group, H.C =CH—. which lacks the ad- 
ditional —C€H.—. Similarly, the benzyl group, Ph—CH.—. should not be confused with 
the phenyl group. 
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pi or Ei «ah or Ph—CH;— 


phenyl group benzyl group 
The haloforms are the methyl trihalides. 
HCCI, HCBr, НСІ; 
chloroform bromoform iodoform 
Substitutive Nomenclature The IUPAC substitutive name of an alkyl halide is con- 
structed by applying the rules of alkane and alkene nomenclature (Secs. 2.4C and 4.2A ). Halo- 


gens are always treated as substituents; the halogen substituents are named fluoro, chloro, 
bromo, or todo. 


А 
CH;CH.—CI . HC — CH — CH;CH4;CH, 
chloroethane 2-fluoropentane 


bromocyclohexane 


WP a aa ЧР ы чн. 
Cl CH, CHCH, I 
2-chloro-3-methylhexane 3-ethyl-4-iodohexane 
H,C—CH=CH—CH,—CH:—Cl 


5-chloro-2-pentene 


|! PROBLEMS 


8.1 Give the common name for each of the following compounds. and tell whether each is a pri- 
mary, secondary, or tertiary alkyl halide. 
(a) (CH3),CHCH;—F (b) CH,CH,CH,CH,CH,CH,—1 


(с) Вг id) CH, | 
H,C | A T | 
i P. | (x п 
CH, 


8.2 Give the structure of each of the following compounds, 
yet i #5 
(a) 2,2-dichloro-5-methylhexane le 


(b) chlorocyclopropane | \ 
(c) 5-bromo-1-chloro-3-methyleyclohexene 
(d) methylene iodide ` (Ne i 
8.3 Give the substitutive name for each of the following compounds. 
(ay СН; (b) iiit 7 (c) HNC—CH —CH—CCl 
CI TEE i 
H CH;CH,; 


Br 1 
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(d)chloroform (е) neopentyl bromide (see Table 2.2 
(f) Br (g) Cl CH, 


B CHICH; N 


B. Nomenclature of Alcohols and Thiols 


Common Nomenclature The common name of an aleohol is derived by specilying the 
alkyl group to which the — OH group is attached, followed by the separate word alcohol. 


! x 
HC -OH (CH;),CH—OH ( — OH ССН — GH 
"m 
methyl alcohol isoprapyl alcohol propyl alcohol 
cyclohexyl alcohoi 
ССН. OH Ph —Cll, -OH 


aliyi alcohol benzyl alcohol 
А few кусок have important traditional names. 


HO—CH.CH.—OH = CH.—CH—CH, | CH» CH — CH; 


ethylene glycol OH OH OH OH OH 


propylene glycol glycerol {glycerin} 


Thiol are named in the common system as aercepfaas; this name. which means “captures 
mercury. comes [rom the [aet that thiels readily form heavy-metal derivatives (Sec. NOAN. 


CH,CH.— SH 


ethyl mercaptan 


Substitutive Nomenclature The substitutive nomenclature of alcohols and thiols in- 
volves an important concept o£ nomenclature called the principal group. The principal group 
is the chemical group on which the name is based, and ii ia abvuvs cied as a suffix in the пото, 
For example. in a simple alcohol, the —QH group is the principal group, and ils sutlix is ef. 
The name of an alcohol is constructed by dropping the final e from the name of the parent 
alkane and adding this sulfix. 


CHCEL — Oi d 
ethane + af - ethanol 


The final e is generally dropped when the suffix begins wilh a vowel otherwise. i ts retained, 

For simple thiols. the — 5H group is the principal group. and its suffix is farol The name 
iS Constructed by adding this suftix to the name of the parent alkane. Note that hegause the sul- 
fix begins with a consonant, the final e ofthe alkane name ts retamed. 
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CH;CH.— SH 


ethane c thief — ethanethiol 


Only certam groups ure cited as principal groups. The — OH and —SH groups are the only 
ones in the compound classes considered so far, but others will be added in later chapters. [f à 
compound does not contin a principal group. it is named as a substituted hydrocarbon in the 
manner illustrated for the aky! halides in Sec. ҒА. 

The principal group and the principal chain are the key concepts detined and used in the 
construction of à substitulise name according to the general rules for substinitive nomencla- 
ture of organte compounds, Which follow. The simplest way to learn these rules is to read 
through the rules briefs. and then concentrate on the study problems and examples that follow. 
letting them guide you through the application of the rules to specific cases. 


|. identify the principal eroup. 
When a structure has several candidates for the principal group. the. group chosen is the 
one given the highest priority bs the IUPAC. The IUPAC specifies that the — OH group 
receives precedence over the — SH group: 


Priority as principai group: —OH > —SH TAE 


А complete list of principal groups and their relative priorities are summarized in Ap- 
pendix 1. 


I 


Identilv the principal carbon chain, 

The principal chain is the carbon ehain on which the name is based (Sec. 2. 4C. The 
principal chain is identitied by applying the following eriteria fa preder until a decision 
can be made: 

a, the chain with the greatest number of principal groups: 

b. the chain with the greatest number of double and triple bends: 

. the chain of greatest length: 

d. the chain with the greatest number of other substituents, 

These criteria cover most of the gases vou I encounter. 


r 


um 


A. Ninnber the carbons of the principal chain consecutively from one end. 
In numbering the principal спан, apply the following criteria in order until there is no 
ambiguity: 
à. the lowest numbers for the principal groups: 
h. the lowest numbers for multiple bonds, with double bonds having priority over triple 
bonds in case of ambiguity: 
c. the lowest numbers for other substituents: 
d. the lowest number for the substituent cited first in the name. 


4. Bevin consiruction of fie name with the name of ihe fivdrecurban corresponding to tre 

princtpal снип. 

a. Cite the principal group by its suffix and number: its number ts the last one cited in 
the name. {See the examples in Study Problem 8.1: 

bh. [there is no principal group. name the compound as a substituted hydrocarbon, (Sec 
sees, LAC and 4, 2A. 1 

с. Cite the names and numbers of the other substituents in alphabetical order at the be- 
ginning of the name. 
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Study Problem 8.1 


Provide an IUPAC substitutive name for each of the following compounds. 
(a) a (b) i a 
| 


OH OH CH;CH;SH 


Solution 
(a) From rule 1, the principal group is the — OH group. Because there is only one possibility for 
the principal chain, rule 2 does not enter the picture. By applying rule 3a, we decide that the 
principal group is located at carbon-2. From rule 4a, the name is based on the four-carbon 
hydrocarbon, butane. After dropping the inal e and adding the suffix of, the name is obtained: 
2-butanol. 
Д. 50, 25.1 
CH;CH;CHCH; 
бн 


2-butanol 


(b) From rule 1, the principal group is again the —OH group, because —OH has precedence over 
— SH. From rules 2a—2c, the principal chain is the longest one containing both the — OH 
group and the double bond, and therefore it has seven carbons. Numbering the principal chain 
in accord with rule 3a gives the — OH group the lowest number at carbon-2 and a double 
bond at carbon-3: 


Fe FE 4.5 
CH;CHCH —CHCHCH; 


principal group ——*- OH CH;CH;5H 


principal chain numbering 

By applying rule 4a, we decide that the parent hydrocarbon is 3-heptene, from which we drop the 
final e and add the suffix ol, to give 3-hepten-2-ol as the final part of the name. (Notice that be- 
cause we have to cite the number of the double bond, the number for the — OH principal group is 
located before the final suffix of.) Rule 4c requires that the methyl group at carbon-5 and the 
—SH group at carbon-7 be cited as ordinary substituents. (The substituent name of the —SH 
group is the mercapto group.) The name is 


substituent numbers; note the alphabetical 
citation of substituents 


7-mercapto-5-methyl-3-hepten-2-ol 


number of the principal group 


number of the double bond 


To name an alcohol containing more than one — OH group, the suffixes diol, triol, and so 
on are added to the name of the appropriate alkane witout dropping the final e. 


1 Ё i 1 > 
puc m Ns duy Жак. 
OH OH 


2,3-pentanediol 


8.1 NOMENCLATURE 329 


Study Problem 8.2 


Name the following compound. 
SH 
OH 


OH 


Solution From rule 1, the principal groups are the —OH groups. By rule 3a, these groups are 
given numerical precedence; thus, they receive the numbers | and 3. Because two numbering 
scheines give these groups the numbers | and 3, we choose the scheme that gives the double bond 
the lower number, by rule 3b. From rule 4а. the parent hydrocarbon is cyclohexene. and because 
the suffix is diot, the final e is retained to give the partial name 4-cyclohexene-1,3-diol. Finally, 
notice that because the —SH group has been eliminated from consideration as the principal 
group. it is treated as an ordinary substituent group by rule 4c. The completed name is thus 


6-mercapto-4-cyclohexene-1,3-diol 


In a sidebar on p. 134 we introduced the 1993 JUPAC nomenclature recommendations. Although we 
are continuing to use the 1979 recommendations for the reasons given there, conversion of most 
names to the 1993 recommendations is not difficult. The handling of double bonds, triple bonds, and 
principal groups 15 the major change introduced by the 1993 recommendations. [п the 1993 system, 
the number of the double bond. triple bond, or principal eroup immediately precedes the citation of 
ihe group in the name. Thus, the name of the compound in Study Problem 8.1(a) would be butan-2- 
ol rather than 2-butanol. The name of the compound in Study Problem 8.1(b) would be 7-mercapto- 
5-methylhept-3-en-2-o0l. The name 2,3-butanediol would be changed to butane-2.3-diol. and the 
name of the compound in Study Problem 8.2 would become 6-mercaptocyclohex-4-ene- | .3-diol. As 
in the 1979 nomenclature, the final e of the hydrocarbon name ts dropped when the suffix begins in a 
vowel. 


Common and substitutive nomenclature should not be mixed. This rule is frequently 
violated in naming the following compounds: 


CH, 
common: tert-butyl alcohol 
H;C—C-—OH substitutive: 2-methyl-2-propanol 
incorrect: t-butanol or tert-butanol 


CH, 


Hae Án —GHs common: isopropyl alcohol 
| substitutive: 2-propanol 
OH incorrect: isopropanol 
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CEA bathe 8.4 Draw the structure of each of the following compounds. 


(a) sec-butyl alcohol = tb) isobutyl alvehal (0) 3-ethyleyclopentanol 
(а) 3-methyl-2-pentanol (e) (£)-6-chlory-4-hepten-2-ol (Е) 2-cvelohexenal 
8.5 Give the substitutive name for each of the following compounds. 


(a) нон (b) CH,CH,CH.CH,OH 


Br 
(c) НС CH, qh HO сл (е) OH 
CUN l1,C— CH —CH—CH — CH, 
H Ec ы " n 
B pneu Hc 
( OH (g) ‘a (h) CH, 


OH H,C—C—UH, 
| 
e SH 


Nomenclature of Ethers and Sulfides 


Common Nomenciature The common name of an ether is constructed by citing as sepa- 
rate Words the (Wo groups attached to the ether oxygen in alphabetival order, followed by the 
word ether, 


diethyl ether ethyl methyl ether 
(also called ethyl ether or 
simply ether} 
А sulmde ts named in a similar manner. using the word хее. tin older literature, the word 
fhivether was also used.) 


CH,CH;—$—€CH, (CHiSCH—$ CHIEH): 


ethyl methyl sulfide diisopropyl sulfide 
(also уй methyl thioether i 


Substitutive Nomenclature [n substitulive nomenclature, ethers ind sultides are neser 
eed as principal groups. A&oxy eroips (RO) and Адто groupa (RS) are always cited 
as substituents. 


ethoxy substituent —— CH4CH;O CH; = methyl substituent 


principal chain — CH ,CHCH,CH,CHCH, 
2-ethoxy-5-methylhexane 


In this example. the principal chain ts à six-carbon chain. Heace, the compound is named as а 
hexane. and the C.H,O— group and the methy] group are treated as substituents. The 
C,H,O— group is named by dropping the final y from the name of the alkyl group and adding 
Ihe suffix ewy. Thus, the С.Н — group is the гету 7 oss) — ethoxy group. The number- 
ing follows from nomenclature rufe 3d on p. 327. 


Study Problem 8.3 
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The nomenclature of sulfides is similar. An RS— group is named by adding the suffix Ло 
to the name of the R group; the final v/ is not dropped. 


methvithio substituent — SCH 


principal chain —— CH,CHCH,CH,CH,CH; 
| | i hi 


2-(methvlthio hexane 


The parentheses in the name are used to indicate that “thio” is associated with "methyl" rather 
than with "hexane." 


Name the following compound. 


Solution The — OH group is cited as the principal group, and the principal chain is the 
chain containing this group. Consequently, the CH,CH,CH,CH,O— group is cited as a butoxy 
substituent (buty] + oxy) at carbon-3 of the principal chain: 
3 te d 
CHi4CH;CH;CH; —O—CH;CH;CH; —OH 
P шш— шыс 


| principal chain 
| contains the principal group —OH] 


3-butoxy-1-propanol 


Heterocyclic Nomenclature A number of important ethers and sulfides contain an oxy- 
gen or sulfur atom within a ring. Cyclic compounds with rings that contain at least one atom 


other than carbon are called heterocyclic compounds. The names of some common hetero- 
cyclic ethers and sulRdes should be learned. 


OO oO © А 


5 


furan tetrahydrofuran thiopbene 1,4-dioxane oxirane 
(often called THF) (often called simply dioxane) (ethylene oxide) 


(The IUPAC name for tetrahydrofuran is oxolane, but this name is not commonly used.) 

Oxirane is the parent compound of a special class of heterocyclic ethers, called epoxides, 
which are three-membered rings that contain an oxygen atom. A few epoxides are named tra- 
ditionally as oxides of the corresponding alkenes: 


O 
b. 


e 


ethylene oxide ethylene styrene oxide styrene 
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Howeser, most epoxides are named subsutuuels as derivatives of oxirane. The atoms of the 
epoxide ring are numbered conseculively, with the oxygen receiving the number | regardless 
af de substituents present. 


O | 
М С 


КЕ 
RE 


1: 
CH; 


2,2-dimethyloxirane 


PROBLEMS 
8.6 Draw the structure of each of the following compounds. 


(a) ethyl propyl ether (b) dicyclohexyl ether 

(c) dicyclopenty] sulfide (а! ¢er?-buty] isopropyl sulfide 

(e) allyl benzyl ether (f) phenyl vinyl ether 

(g) (3R,3R)-2,3-dimethyloxirane (һу 5-CethyIthio1- 2-methy heptane 
8.7 Give a substitutive name for each of the following compounds. 

(a) (CH,),C—O—CH, (b) CH ,CH.—O—CH.CH.—OH 


C= 
/ N 


H CHCH; — OH 
8.8 (а) A chemist used the name 3X-buryl- ].4-dioxane in a paper. Although the name unambieu- 
ously describes a structure, what should the name have been? Explain. 
(b) Give the structure of 2-butexvethanol, which is an ingredient in whiteboard cleaner und 
kitchen cleaning sprays. 


STRUCTURES 


In wl of the compounds covered in this chapter. the bond angles at eurbon are very nearly 
tetrahedral, For example. in the simple methyl] derivatives (the methyl пех, methanol. 
methanethiel, dimethy] ether, and dimethy] sulfide j the НС 1I bond angle in the meth, t 
group does not deviate more than a degree or so from 109.3", In an соло thiol, ether. or sul- 
tide. the hond angle at oxsgen or sulfur further delines the shape of the molecule, You learned 
in Sec. ПАВ that the shapes of such molecules can be predicted by thinking of an unshared 
electron pair as a bond without an atem at the end. This means that the oxygen or sulfur has 
tour "groups: two electron pairs and two alkyl groups or hydrogens. These molecules are 
therefore bent at oxygen and sulfur, as you ean see from the structures in Fig. 8,1. The angle 
at sulfur is generally found to be closer to YO° than the angie al oss een. One reason for this 
trend is that the unshared electron pairs on sulur occups orbitals derived [rom energy level 3 
that take up more space than those on oxygen. which are derised fram level 2. The repulsion 
between these unshared pairs and the electrons in the ehemieal bonds Iorees the bonds closer 
together than thes. are on oxs ven, 

The leneths of bonds between carbon and other оп follow the trends discussed in See. 
| .3B. Within a column of the periodie table. bonds to atoms ol higher atomie number are longer. 
Thus. the € — 5 bond of methanethiol is longer than the C —O bond of methanol (see Fig. s.l 
and Table 8.13, Within a row, bond lengths decrease toward higher atomie number (that is. to the 
neho. Thus. the C—O bond m methanol is longer than the C —F pond in methyl Buoride (sec 
Table 8.1 5: similarly. the €— 5 bond in methanethiol ts Jonger than the С=С hond in metri | 
vhlonde. 
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m О Ü " S РА 
{ EC ak ao г T ть "a 
T ыч » I 55 
Н C n H м =) sul 
1C 109 Н.С 96 Н 
b 3. 
Oud 
^ г. f 
HaC 111.4" CH; 


Figure 8.1 Bond lengths and bond angles in a simple alcohol, thiol, ether, and sulfide. Bond angles at sulfur are 
smaller than those at oxygen, and bonds to sulfur are longer than the corresponding bonds to oxygen. 


ng electronegativity 


IE Bond Lengths (in Angstroms) in Some Methyl Derivatives A 
m 
H,C—CH, H,C—NH, H,C—OH H,C—F 73 
1.536 1.474 1.426 1.391 3 
| 
H,C—SH H,C—cI 8 
1.82 1.781 - | 
А 
H,C—Br | 
1.939 
H,C—I 
2.129 


PROBLEMS 
PROBLEMS | 8.9 Using the data in Table 8.1, estimate the carbon-selenium bond length in H,C—Se—CH,. 


8.10 From the data in Fig. 8.1, tell which bonds bave the greater amount of p character (Sec. | .9Bj: 
C—O bonds or C—S bonds. Explain. 


EFFECT OF MOLECULAR POLARITY AND 
HYDROGEN BONDING ON PHYSICAL PROPERTIES 


A. Boiling Points of Ethers and Alkyl Halides 


Most alkyl halides, alcohols. and ethers are polar molecules: that is. they have permanent dl- 
pole moments (Sec. 1.2D). The following examples are typical. 
H;G— F H;C—CI ВЕС ОН  H3C—9—CH, M—0H;—CH; 
methyl fluoride methyl chloride methanol dimethyl ether propane 


dipole moment 1.82 D 1.94 D L.? D 1.31 D 0.08 D 


334 CHAPTER 8 • INTRODUCTION TO ALKYL HALIDES, ALCOHOLS, ETHERS, THIOLS, AMD SULFIDES 


The EPMs of dimethsl ether and propane, two molecules of about the same size and shape. 
«how the ereater polarity of the ether: 


LPM or dimethyl ether ПМ ol propane 


The polarity of a compound affects its boiling pomt. When the botling points of two mole- 
cules with the same shape and molecular mass are compared, the more polar molecule typi- 
cally has the higher boiling point. 


(2. CCH, 
Lu Мы, md in c 
Hat. CH., Н tH, 
дате у ether propane 
dipole moment bai) DS 1! 
boiling point x RM 42.1. i 
о О 
C Ep 
tetrahydrofuran (THF) cyclopentane 
dipole moment ME ü 13 | 
boiling point hh ct. 19.5 ( 


What 18 the reason for this effect? A higher boiling point results from greater attractions 
between mefecities in the BHauid state (Sec. 2.6 Polar molecules are attracted to each other 
hecause they ean align m sugh a way that the negative end of one dipole is attracted to the pos- 


tiye end ot another. 
гъ ei 


I:-PAis of two polar molecules 
alsned for attraction 


Although just two molecules are shown here, interactions hke this ean occur among many 
molecules at the same ume. Molecules in the Иди state are in constant motion. se their rela- 
live postions are changing eonstantly: however, on the average. this attraction. exists. and 
raises the boiling point of a polar compound. 

When a polar molecule contains a hydrocarbon portion of even moderate size, 1s polarity 
has little effeet on its physical properties; itis sufficiently alkanelike that its properties resem- 
hie those of an alkane. 


boiling point gU JR (C 
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From the preceding discussion, you might expect that an alkyl halide should have a higher 
boiling point than an alkane of the same molecular mass. However. this is not so; Alkyl chlo- 
rules have about the same boiling points as alkanes of the same molecular mass, and alkyd Pro- 
mides and iodides have lower boiling points than the alkanes of about the same molecular 


тах. 
CILECILECILECH.CI CHCH НЕСАИ, 
molecular miss 92.6 56.2 
boiling port TS OC 68.7 ^C 
density (.886 g mE. 0.660 g mE ^ 
CH ACH Br CH,CH,CH CH CH,CHLECH., 
molecular miss [O9 100.2 
boiling point 38.4 °С 958.4 °С 
density L462 ml. 0.684 e mL. ^^ 
CHI ССН СН СН СИН ССС, 
molecular mass 142 142 
holling point 13.8 °С [74 "C 
densis 2.28 u mL“ 0.73 g mL’ 


The key to understanding these trends is lo realize that although the molecules compared in 
each row have similar molecular masses, thes have very different molecular sizes and shapes, 
Fram their relatwel, high densities: it is apparent that alkyl halide molecules have large 
masses within relatively small volumes. Thus, for a gren леса mass, alk l halide mol- 
ecules have smaller volumes than alkane molecules. Recall that the attractive forces between 
molecules 


van der Waals forces; or dispersion torees—are greater tor larger molecules (See, 
2.6 A 1 Larger intermolecular attractions translate into higher boiling points. The greater mol- 
ecular volumes ol alkanes, then. should cause them to have Arger boiling points than alkyl 
Nalides. The polarity of alkyl halides. in contrast. has the opposite elfect on hoihing points: iE 
polarity were the only effect. alkanes would have fewer boiling points than alkyl halides. 
Thus, the effects of molecular volumes and polarity oppose euch other. They nearly cancel in 
the case of alka chlorides. which nave about the same boiling points as alkanes of about the 
same molecular mass, However, alkane molecules are se much lIareer than alkyl bromide and 
alkyl iodide molecules of the same molecular mass thal the volume effect dominates. and alka- 
nes have higher boiling points. 


PROBLEMS 
PROBLEMS. 8.11. The measured dipole moment of cyclopentane is 0 D. Yet the dipole moment of cyclopentane 


calculated from molecular orbital theory is 0.38 D—small, but definitely not zero. Assuming 
the theory is reliable, how do you account for the discrepancy between calculated and mea- 
sured dipole moments? (77i The measurement is made on a sample of cyclopentane, but 
the calculation is performed on a single molecule.) 

8.12 The boiling points of the [.2-dichloroethylene stereoisomers are 47.4 °C and 60.3 °C. Give 
the structure of the stereoirsomer with the higher boiling point. Explain. 


B. Boiling Points of Alcohols 


The boiling points of alcohols. especially aleohols of lower molecular mass, are unusually 
high when compared with those of other organic compounds, For example. ethanol hus a 
much higher boiling point than other organie compounds of about the same shape and molec- 
ular mass. 
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ССТ Ч CHAjACH-CIIH, Id а E СТС. E 


ethanol propane dimethyl ether ethyl fluoride 
boiling point 78 C 43 C о -3R L 
dipole moment |. [3 np [Jan Lab 


The contrast between ethanol and the last (wo compounds is particularly striking: АП have 
similar dipole moments, and vel the boiling point of ethanol ts much higher. The facet that 
something 18 unusual about the baring points el alcohols is alse apparent irom a comparison 
ol the boiling points of ethanol. methanol, und the simplest "aleohol water. 


CHCH: OH — H,C— OH H -OH 


cthanal methanol water 
boiling pow FROL! бз C IOG €: 


Generally, each additional СН кгойр results in 20 30 7C imorease in the boiling points 
af suveessive compounds m a homologous series (Sec. 2.6, Yet the difference in the boiling 
points ol methanol and ethanol is only. 13 °C: and water. although the "aleohet" of lowest mol- 
ecular mass. has te highest boiling point of the three compounds, This unusual trend is due to 
very Important Intermolecular intersieuon called Avdregen Рено, 


C. Hydrogen Bonding 


Hydrogen bonding 15 an attraction that results (rom the association of a hydrogen on one 
aom With an unshared eleciron pair on another. Hydrogen bonding eun occur within the same 
molecule, or it can oceur between molecules, tor example, in the vase of the simple alcohols, 
hydrogen bonding is à weak association of the O— H proton ef one molecule with the oxy gen 
af another, 


hydrogen bond 
| 


IM | IN 
i ! T 
10: —— H—O 
Т 0.96 А 
= l H— O covalent bond length 
1.8-1.9 А 
te O----H hydrogen bond length 


Formation of a hs drogen bond requires eo partners: the Avelrogen-bond doner and the Ay- 
drogeu-bond acceptor The hydrogen-bond donor is the atom to which the lis drogen is Pulls 
bonded, and the hydrogen-bond acceptor is the atem bearing the unshared pair to which the 
hydrogen 15 partially bonded. 

m di теп hond 


donor 


H 
| 


O —H ----10* 
/ CH; 
ОН, 
hydrogen bond 


acceptor 


In a classical Lewis sense, a proton ean only share two electrons; Thus. a А тосот bond is dif- 
Heult te deseribe with conventional Lewis structures. Cormsequentls, hydrogen bonds are often 
depicted as dashed lines. The hydrogen bond results from the combination of (eo factors: first, 
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à weak covalent interuction between a hydrogen on the donor atom and unshared electron 
pais on the acceptor atom: and second, an electrostatic attraction between oppositely charged 
ends of two dipoles. Opinions ditfer as to the relive importance of these pio factors. 


electrostatiy attraction et 
opposite charges 


IN R R | — R 
- r Y 1 ab r4 
"e. ss HO SOY: [1— oe 
/ d id 
1 [I 
weak covalent 
Interaction 


The hydrogen bond helween two molecules resembles the same two molecules poised to 
underge a Bronsted acid -base reaction: 


hi drogen bond 


Ji MAII H 
Hydrogen bonding: / )—H--W 
R 1 
hvdrogen bond 
ALL eptor 
i| H 
Е і 
Bronsted achi- Pise EN / +y 
PEUCH: Oh ES e ч == |: — H—Q PEE 
R М R 
Brensted Brensted 
1! T" base 


The hydrogen-bond donor is analogous to the Bronsted acid in Eq. 8.2. and the acceptor is 
analogous то the Bronsted hase. [n fact. it is not a bad analogy to think of the hydrogen bond 
as ап acid-base reaction that has just started! [n an acid-base reaction. the proton is full 
Iransferred fram the асн to the base: in a hydrogen bond. the proton remains covalently bound 
to the donor, but it interacts weakly with the acceptor. 

The best hydrogen-bond donor atoms їп neutral molecules are oxygens, nitrogens. and 
halogens. In addition; as might be expected from the simtlanty Бем cen. hydrogen-bond 
interactions. and Bronsted acid base reactions, all strong Bronsted acids are alo good 
hydrogen-bond donors. The best hydrogen-bond acceptors in neutral molecules are the eleg- 
tronegative first-row atoms oxygen, nitrogen, and fluonine. АП strong Bronsted bases are also 
goad hydrogen-bond acceptors, 

Someuimes an atom ean aet as both a donor and an acceptor of hydrogen bonds. For exam- 
ple. because the oxygen atoms in waler or alcohols ean act as both donors and acceptors, some 
al the molecules in liquid water and aleohols exist tn hydrogen-bonded chains. The hydrogen 
hands in these chains are not static. but rather are rapidi breaking and re-forming. 


hydrogen bonis 
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[n contrast, the oxygen atom of an ether is a hydrogen-bond acceptor. but it 1s not a donor be- 
cause it has no hydrogen to donate. Finally, some atoms are donors but not acceptors. The am- 
monium ion, *NH,. is a good hydrogen-bond donor; but, because the nitrogen has no un- 
shared electron pair, it is not a hydrogen-bond acceptor. 

Hydrogen bonding accounts for the unusually high boiling points of alcohols. In the liquid 
state, hydrogen bonding is a force of attraction that holds molecules together. In the gas phase, 
hydrogen bonding is much less important (because molecules are farther apart than in a liquid 
or solid) and, at low pressures, it does not exist. To vaporize a hydrogen-bonded liquid. then, 
the hydrogen bonds between molecules must be broken, and breaking hydrogen bonds re- 
quires energy. This energy is manifested as an unusually high boiling point for hydrogen- 
bonded compounds such as alcohols. 

Hydrogen bonding is also important in other ways. You'l] see in Sec. 8.4B how it can affect 
the solubility of organic compounds. It is also a very important phenomenon in biology. Hydro- 
gen bonds have critical roles in maintaining the structures of proteins and nucleic acids. With- 
out hydrogen bonds, life as we know it would not exist. 

In summary, the tendency of molecules to associate noncovalently in the liquid state in- 
creases their boiling points. The most important forces involved in these intermolecular as- 


sociatrons are 
жа „===* 


l. hydrogen bonding: hydrogen-bonded molecules have greater boiling points: 

2. attractive interactions between permanent dipoles: molecules with permanent dipole 
moments have higher boiling points; 

3. attractive van der Waals forces, which are influenced by 

a. molecular size: larger molecules have greater boiling points: and 

b. molecular shape: more extended, less spherical molecules have greater boiling points. 


An understanding of these factors will allow you to predict trends in boiling points within a 
eroup of compounds, as illustrated in Study Problem 8.4. 


Study Problem 8.4 
Arrange the following compounds in order of increasing boiling point: 


| -hexanol, |-butanol, tert-butyl alcohol, pentane. 


Solution 1-Butanol and pentane have almost the same molecular mass and about the same size 
and shape. However, because |-butanol is a polar molecule that can both donate and accept 
hydrogen bonds, it has a considerably higher boiling point than pentane. Because |-hexanol, also 
a primary alcohol, is a larger molecule than 1-butanol, its boiling point is the highest of the three. 
So far, the order of increasing boiling points is: pentane < ]-hutanol < 1-hexanol. Terr-butyl al- 
cohol has about the same molecular mass as pentane, but the alcohol has a higher boiling point 
because of its polarity and hydrogen bonding. However, a rert-butyl alcohol molecule is more 
branched and more nearly spherical than the isomeric 1-butanol molecule; thus, the boiling point 
of tert-butyl alcohol should be lower than that of 1-butanol. Therefore, the correct order of boiling 
points is: pentane < fert-butyl alcohol < 1-butanol < 1-hexanol. (The respective boiling points in 
°C are 36, 82, 118, and 157.) 


PROBLEMS a ; - 
8.13 Within each set, arrange the compounds in order of increasing boiling point. 


(a) 4-ethylheptane, 2-bromopropane, 4-ethyloctane 
(b) I-butanol, |-pentene, chloromethane 
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$.14 Label each of the following molecules as a hydrogen-bond acceptor, donor, or both. Indicate 
the hydrogen that is donated or the atom that serves as the hydrogen-bond acceptor. 


(а) H— Br: (b)H—F: (с) О: 
у 
(cl) О: (е) bs (f) H,;C—CH;—NH, 
| ОН 


НСС NH —Cl1 


ТЕ SOLVENTS IN ORGANIC CHEMISTRY 


A solvent is a liquid used to dissolve a compound, Solvents hase tremendous practical impor- 
tance, They affect the acidities and basicitics of solutes. In some cases, the chatce of a solvent 
can have dramatic effects on reaction rates and even on the outcome of a reaction. Understand- 
Ing effects like these requires a classification of solvent Iy pes, to which Section 8,4À is devoted. 

The rational choice of a solvent requires an understanding of solubility —thnat is. how well 
a given compouni dissolves in à partieular solvent. Section 8B discusses the principles thal 
will allw vou to make general predictions about the solubilities of both covalent organic vom- 
pounds and ions in different solvents, The effects of solvents on chemical reactions are closely 
ied to ihe principles of solubility. 

Solubility is also important in biology. For example. the solubilities of drugs determine the 
forms in which thes are marketed and used. and such important characteristics as whether thes 
are absorbed from the eut amd whether thes pass [rom the bloodstream into the brain. Some of 
these ideas are explored in Section 8.5. 

Because certain alcohols. alksi һай ех. and ethers are among the most important organic 
solvents, this is à good point our survey of organic chemistry to study solvent properties. 


Classification of Solvents 


There are three broad solvent categories. and they are not mutually exclusive: that is. а solvent 
can be m more than one category. 


|. A solvent ean be protic or aprotic. 
(2. А solvent can be polar or apelar, 
А. А salvent ean be a donor or и gender. 


A protic solvent consists of molecules thal can aet as hydrogen-bond donors. Water, 
alcohols. and carboxylic acids are examples of protic solvents. Solvents that cannot act as hw- 
drogen-bond donors are called aprotic solvents. Ether, methylene chloride, and hexane are 
examples of aprotic solvents. 

A polar solvent has a high dielectric constant: an apolar solvent has a low dielectric con- 
stunt. The dielectric constant 15 defined by the electrostatic few; which gives the interaction en- 
ergy E between two tons with respective charges gy and qs separated by a distance r: 


| UR 
Y= fot (8.31 
Lii amr. | 
In this equation. Ais a proportionality constant and € is the dielectric constant of the solvent in 
which the two ions are imbedded. This equation shows that when the dielectric constant € is 
large, the magnitude of Æ, the energy ol interaction hetween the iens. is small. This means that 
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beth attractions between ions of opposite charge and repulsions between ions of like charge 
are weak in a polar solvent, Thus, a polar solvent effectively separates, or Shields, ions from 
one another. This means. in turn. that the tendency of oppositely charged tons to associate 15 
less in a polar solvent than iis in an apolar solvent. I a solvent has a dielectric constant ol 
about [5 or greater, itis considered to be polar Water te — 783, methanol te — 34), and terme 
acid (e = 39) are polar solvents. Hexane (e — 2}, ether (e = 4). and acetic асн (e = 6) are ap- 
alar solvents, 
Unfortunately. the word polar has a double usage in organic chemistry. When we say thal 
a molecule is polar, we mean that it has a significant dipole moment, ji (Sec. 12D), When we 
say that a логе ts polar. we mean that it has a high dieiectrie constant. In other words, sol- 
vent polarity, or dielectric constant, is a property of many molecules acting together, bul mol- 
ecular polarity, or dipole moment. is à property of individual molecules. Although it i5 true 
that adl polar seven consist of polar mnedecufes, Ihe converse is not true. The contrast he- 
tween acetie acid and formic acid is particularly striking: 
O Q 
[ | 


Hai —t.— OF Н —t.—Oll 


acetic acid formic acid 
и — 15—171) и = LOLS D 
€ — &.] = ЗЧ 


These two compounds contain identical functional sroups and have very similar structures 
and dipole moments. Both are polar molecules; Yet thev differ substantially in ther dielectric 
constants and inm iere solvent properties! Bormio acid is a polar solent acetic acid is not. 

Donor solvents consist of molecules that can donate unshared electron pairrs—4Ahat is. mol- 
ecules that can aet as Lewis bases. Ether. THF, and methanol are donor solvents. Nondonor 
solvents cannot act as Lewis bases: pentane and benzene are nondonor solvents. 

Table 8.2? on p. 341 lists some common solvents used 1n organic chemistry along wilh their 
abbreviations and their classifications. This table shows that a solvent can live д combination 
uf properties. as noted at the beginning of this section; For example; some polar solvents are 
protig (such as water and methanol). but others are aprotic (such as acetone. 


PROBLEM : \ : : ; ! 
8.15. Classify euch of the following substances according то their solvent properties (as im 


Table 8.2). 
(a) 2-methoxyethanol (e = i7) (b) 2.2. 2-irifluoroethanol (e = 26) 
(c) Cy (d) 2.2.4-trimethy pentane (e = 2) 


Hs@—C—CH.CH, le = 19) 


Solubility 


One rofle of à solvent is simply to dissolve compounds ot interest. Although tinding a suitable 
solvent van involve some trial and error. certain principles ean help us ehoese a solvent ralio- 
nally. The discussion of solubility ts divided into two parts: the solubility of covalent com- 
pounds, and the solubility of ionie compounds, 


solubility of Covalent Compounds [n determining а solvent fora covalent compound, а 
useful rule of thumb is ike dissolves Hke. That is. a good soben usually has some of the mol- 
ecular characteristics of the compound to be dissolyed. For example. an apolar aprotic solvent 
ts likely lo be a good solvent for another apolar aprotic substance, In contrast. à protic solvent 


TABLE 8.2 Properties of Some Common Organic Solvents 


{Listed in order of increasing dielectric constant} 


Solvent 


hexane 


1,4-dioxane! 


benzene! 


diethyl ether 
chlaroform 


ethyl acetate 


acetic acid 


tetrahydrofuran 


methylene chloride 


acetone 


ethanol 


N-methylpyrralidone 


methanol 


nitromethane 
M,N- 
dimethylformamide 


acetonitrile 


sulfalane 


dimethylsulfoxide 


formic acid 


water 


formamide 


Structure 


CH,(CH,),CH, 


| 


| 
CH,COH 


| 
HCN(CH3* 
CHC =N 


Common 


abbrevation 


НОАс 


ТНЕ 


EtOH 
NMP 


DMSO 


Boiling 
point, *C 


68.7 


101.3 


80.1 


117.9 


66 


39.8 
56.3 


78.3 
202 


64.7 
101.2 
153.0 


81.6 
287 (dec) 


189 


100.6 


100.0 
211 {dec} 
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Dielectric 


constant є* 


1.8 
2.2 


2.3 


4.3 


4.B 
6.0 


6.1 


7.6 


8.9 
21 


25 


32 


33 
36 
37 


3B 
43 


4? 


59 


78 
111 


Polar 


Class 


Protic 


Donor 
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“Moat values are at or near 25 °C 


Known carcinogen 
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in which signifeant hydrogen-bonding interactions occur between molecules is likely to dis- 
solve another protic substance in which hydrogen bonding between molecules is also an impor- 
tant cohesive interaction. 

To illustrate. let's consider the water solubility of organic compounds. This is an important 
Issue in biology. because waler is the solvent in living systems, Consider the water solubility 
af the following compounds of comparable size and molecular mass: 


CHiCH-CH-CH;  CH.CHACE | CHCll—0—CHi.— CHGCH.CH, — OH 


water solubility: virtually inseluble soluble miscible 


Of these compounds. the alcohol [-ргорапо!, is most soluble: in fact. iis miscible with 
Water, This means that a solution is obtained when the alcohol is mixed with waler in ans pro- 
portion. Of the compounds shown, the alcohol is also most like water because it is protic. The 
ability both to donate a hydrogen bond to water and lo accept a hydrogen bond from water 15 
an important factor in water solubility, 


an alcohol can accept 
hydrogen bonds from water H 


Ö 
MEE 


; 5 i 7H 
CH4CH;CH,;— O. 0 


an dicornod car donate il 


ЖАЧА АГЫ. П мэт! э Wale 


The ether contains ап atom (oxygen) that can accept hydrogen bonds from water. although it 
cannot donate a hydrogen bond: henge. i£ has some water-like characteristics, but is less like 
water than the alcohol. 


zr 
H H 
7 
ae. — an ether can accept hydrogen bonds from water 


AR CH,CH: CH, 


Stine трее В Finally. the alkane tbutane? and the alkyl halide teths chloride) can neither donate nor accept 
Boiling Points and hydrogen ponds and are therefore least like water: they are also the least water-soluble vom- 
solubilities pounds on the Hst, 
The same etfect occurs in the Following series: 


CHOH — CH;CH-OH. CHiCHSCHIOH. CH;CH;CH;CH.OH. CH,CHCH:CH:CH:CH;OH 


water solubility: miscible 7.5 ТИМА "ө 0,58 mass "з 


Alcohols with long hydrocarbon chains. -thal is; large alkyl groups—are more hke alkanes 
4 than are alcohols containing small alkyl groups. Because alkanes cannot form hydrogen 
= bonds, they are insoluble in water, bur thes are soluble in other apolar aprotic solvents. 
о аай including other alkanes. Hence, alcohols tas well as any other organie compounds) with long 
Compounds: hydrocarbon chains are relatively insoluble im water ind are more soluble in apolar aprotic sol- 

A Deepeg Look vents than alechols with «mall aths спай. 
Solvents consisting of polar molecules le between the extremes of water on the one hand 
and hydrocarbons on the other. For example. consider the widely used solvent tetrahydrofuran 
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ТНГ: see Table 8.2). Because THE can accept hydrogen bonds, it dissolves water and many 
alcohols. Because its dipole moment can interact favorably, with other dipoles, it also dissolves 
polar compounds (ror example. alkyl halides), On the other hand, because most of its stricture 
PS hydrocarbon, it also dissolves hydrocarbons. As а solvent for the reaction of a waler-imsol- 
uble compound with walter, THE is tx pically an exeellent choice because it dissolves both 
compounds. For example. THE ts the solvent of choice in the oxvmercuration of alkenes (Sec. 
AA И dissolves both water and alkenes. 

What vou should begin to see [rom this discussion are the frends to be expected in the sol- 
uhility behavior of various compounds. You cannot be expected to remember absolute solubil- 
ties, bur sou should be able to make an intelligent eucss about rhe relanve solubilities of a 
gh en compound in different solvents or the relative solubilities of a series of compounds in a 
given solvent. This ability. tor example. is required to solve the following problems. 


PROBLEM | ' | 
8.16 Jn which of the following solvents should hexane be least soluble: diethyl ether, methylene 
chloride (CHCI) ethanol. ог 1-0ctanol? Explain. 


8.17 (a) [nto a separatory funnel is poured 200 mL of methylene chloride (density = 1.33 g mL~') 
and 55 mL of water. This mixture forms two layers. One milliliter of methanol is added to 
the mixture, which is then stoppered and shaken. Two layers are again formed. In which 
layer is the methanol likely 10 be dissolved? Explain. 

(b) The experiment is repeated. except that 1 mL of |-nonanol is added instead of methanol. 
In which laver is the alcohol dissolved? Explain. 

8.18. A widely used undergraduate experiment is the recrystallization of acetanilide from water. 
Acetanilide (see following structure) is moderately soluble in hot water, but much less solu- 
ble in cold water. identify one structural feature of the acetanilide molecule that would be ex- 
pected to coniribule positively to its solubility in water and one that would be expected to 
contribule negatively. 

:О: 


NH—C—CH; 


acetanilide 


Solubility of lonic Compounds Because of the importance of both ionic reagents and 
ionic regetive Intermediates in organig chemistry, the solubility of tanie compounds is worth 
special attention, lonic compounds in solution can exist in several terms. Geo of which. fey 
pairs and eisseciared tans, are Shown in Fig. 8.3 on p. 344. In an ion pair, each ton ts closels 
associated with anion of opposite charge. In contrast, dissociated ions move more or less in- 
dependently in solution and are surrounded by several solvent molecules. called collectively 
the solvation shell or solvent саре of the ion. Salvation refers to the laxoraübie interaction of 
à dissolved molecule with solvent, When solvent molecules interact favorably with an Чоп, 
they are said to solvate the ton. 

[on separation and ion solvation are mechanisms by which jons are stabilized in solution. 
If you think of the fon dissolution sequence in Fig. 8.2 as an ordinary chemical equilibrium, 
vou ean see that anything that favors the right side of this euuilibrtum tends to make rons sol- 
uble. The separation and sols ation of ions reduce the tendeney of the ions to associate Into ag- 
sregates and. ultimately, to precipitate as solids from solution. Henge. tonie compounds are 
relatively soluble in solvents in which ions are well separated and solvated. What solvent 
properties contribute to the separation and solvation of ions? 
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solvation shell atf 
the posibive ton 


\ 


more ) 
solvent solvent s 
C | 


| ——— — — o» 
dissolved ion pairs 


or higher aggregates 
(typically noi 
very soluble) 


solvation shell af 
the negative ion 
^ 


dissociated ions, 
each separately solvated 


Figure 8.2 lons in solution can exist as ion pairs and dissociated ions. The blue spheres are positive ions and the 
red spheres are negative ions. The solubility of an ionic compound depends on the ability of the solvent to break 
the electrostatic attractions between ions and form separate solvation shells around the dissociated ions. Solvent 
molecules are represents by the gray ellipses. Salvation is very dynamic; that is, solvent molecules in the solvation 
shells are not Axed, but are rapidly exchanging with molecules in the bulk solvent. 


The ability of a solvent to separate ions is measured by its dielectric constant € in Eq. 8.3 
on p. 339. Look carefully at this equation again. The energy of attraction of two ions of oppo- 
site charge is reduced in a solvent with a high dielectric constant. Hence, ions of opposite 
charge have a reduced tendency to associate in solvents with high dielectric constants. and 
thus a greater solubility in those solvents. 

Solvent molecules solvate dissolved ions in various ways, which are illustrated in Fig. 8.3 
for the interaction of the solvent water with dissolved sodium chloride. A donor solvent can 
act as a Lewis base to donate its unshared electron pairs to a cation. which acts as a Lewis acid. 
This covalent interaction is called a donor interaction. In addition. the dipole moments of 
solvent molecules can interact electrostatically with the charge of the ion. This means that the 
water molecule is oriented so that the negative end of its dipole moment vector is pointing to- 
wards the positive ion, thus creating a favorable electrostatic interaction by Eq. 8.3. This is 
called a charge-dipole interaction. Because the orientation of the water molecule is almost 
the same in both charge-dipole and donor interactions, the two interactions are sometimes 
considered to be different aspects of the same interaction. For solvation of the anion. a favor- 
able charge-dipole interaction can occur in which the soivent molecules are turned so that the 
positive ends of their dipole moment vectors are pointing towards the negative ion. Finally, if 
the solvent is protic and the anion can accept hydrogen bonds, the solvent can solvate a nega- 
tive ion by a hydrogen-bonding interaction. 

Solvation is dynamic. That is, although the solvent shells in Figs. 8.2 and 8.3 are shown as 
static structures, this figure represents a "snapshot" of a rapidly changing situation. The water 
molecules are constantly exchanging places with water molecules fram bulk solvent. and the 
solvation mechanism within а solvent shell can change rapidly as well. 


8.4 SOLVENTS IN ORGANIC CHEMISTRY 345 


donor interaction 
(covalent interaction 
| of an oxvgen lone pair 
with Nat) 


hydrogen bonding 
(hydrogen bonding of 
a water hydrogen with 
a chloride lone pair) 


charge-dipole interaction 
(electrostatic interaction 

of the dipole moment of water 
with the charge of the ion) 


Figure 8.3 A"snapshot" of the interaction of solvent water molecules in the solvent shells of dissolved sodium 
and chloride ions, Although two donor interactions are shown for the cation and two hydrogen-bonding interac- 
tions for the anion, a greater number of such interactions can occur. Solvation shells can also contain more than 
six water molecules, Solvation is a dynamic process in which water molecules from the bulk solvent rapidly ex- 
change with water molecules in the solvent shell. 


To summarize: The high dielectric constant of à polar solvent reduces the attraction be- 
tween ions of opposite charge; as a result, these ions easier to separate and bring into solution. 
Dissolved ions are stabilized (that is, kept in solution) by three general types of interaction: 

1. Charge-dipole interactions, by which the dipole moment vectors of the molecules in à 

polar solvent are oriented so as to create an attractive (stabilizing) interaction with the 
charge of the ion. 

2. Hydrogen-bonding interactions, by which dissolved ions can be stabilized by hydrogen 

bonding with solvent molecules. 

3. Donor interactions, by which solvent molecules with unshared electron pairs can act as 

Lewis bases toward dissolved cations. 


These points show why water is the ideal solvent for ionic compounds, something you 
probably know from experience. First, because it is polar—it has a very large dielectric con- 
stant—il 15 effective in separating ions of opposite charge. Second, because it is protic—a 
good hydrogen-bond donor—1it readily solvates anions. Third, because it is a Lewis base—an 
electron-pair donor—it can solvate cations by à donor interaction. Finally, its significant di- 
pole moment enables water to provide stabilizing lon-dipole attractions to both cations and 
anions. In contrast, hydrocarbons such as hexane do not dissolve ordinary ionic compounds 
because such solvents are apolar. aprotic. and nondonor solvents. Some ionic compounds, 
however. have appreciable solubilities in polar aprotic solvents such as acetone or DMSO (see 
Table 8,2). Although these solvents lack the protic character that solvates anions, their donor 


346 CHAPTER 8 « INTRODUCTION TO ALKYL HALIDES, ALCOHOLS, ETHERS, THIOLS, ANG SULFIDES 


capacity solvates cations. their substantial dipole moments provide favorable charge-dipole 
interactions. and their polarity separates ions of opposite charge. However, it is not surprising 
that. because polar aprotic solvents lack the protic character that stabilizes anions, most salts 
ure less soluble in these solvents than in water. and salts dissolved in polar aprotic solvents 
exist to à erealer extent as lon pairs (see Fig, 8.21, 


PROBLEMS | 
| PROBLEMS. 5.19 Dimethylsulfoxide (DMSO, Table 8.2) has a very large dipole moment (3.96 D). Using struc- 


tures, show the stabilizing interactions lo be expected between DMSO solvent molecules and 
(a) a dissolved sodium ion: (hi dissolved water; (ci dissolved chloride ton. 

8.20 Acetone (Table 8.2) has a significant dipole moment (2.7 Dy. Using structures, show the sta- 
bilizing interactions to be expected between acetone solvent molecules and tal а dissolved 
potassium ion; (b) dissalved water: te) dissolved iodide ton. 


APPLICATIONS OF SOLUBILITY 
AND SOLVATION PRINCIPLES 


A. Cell Membranes and Drug Solubility 


Solubility ts a crucial issue in drug action. ]f a drug is to be administered in an aqueous solution. 
ust have adequate aqueous solubility. However. water solubility is not the whole story. For 
drugs to act. they must get te iheir sites of action. For many drugs. this means that thes must 
enter eels, The only was for a drug to get into à cell is for ito pass through the celf membrane. 
the "envelope" that surrounds the cell, Drugs and other substances pass through cell membranes 
by a variety of mechanisms: in some cases. transport requires carrier molecules imbedded in the 
membrane: and. in some cases, transport requires the expenditure of metabolic energy. However, 
in mans cases, drugs simply pass unassisted through the cell membrane. It turns eut that the abil- 
itv of a molecule to penetrate a cell membrane is very. much a solubility issue. To understand 
this. let's examine the structure ef a ceil membrane. 

Cell membranes contain a high concentration of molecules called phospholipids. To under- 
stand what phospholipids are, we first need to understand what a Apid is. A lipid is a com- 
pound that shows significant solubility in apolar solvents. Because lipids are defined by a be- 
havior rather than a precise strüclare, a number of different biomolecule types ft into this 
category, For example, steroids (See. 7.6 D) ure hpids. Even though lipids might contain polar 
functional groups. their solubility behavior is dominated. by their signilicant hydrocarbon 
character. 

Phospholipids are lipids that contain phosphate groups. However. membrane phospho- 
fipids have specialized structures. To understand these structures, lets build a membrane 
phaspholipid. phosphatidylethanolaming. from its component parts. To start with. all mem- 
hrane phospholipids are built on a giveerol “сай од 


TA: 
HO“ E OH TET 


uo H 
glycerol (1,2,3-propanetrial) 


Two of the hydroxy groups of glycerol form ester linkages to futi acids; which are themselves 
lipids consisting of carboxylic acids with long. eibrenchied hydrocarbon chains. These chains 
can contain 15—17 carbon atomes, and they can alse contain one or more ets double bonds. For 
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his example. ме use a carbon chain of 17 carbons in which —C)-H,, is an abbreviation for 
Che Chisel Ae 


SAE cil C]. CIL, 
"d эы a gee 2 we uu шй ы. 
HO C. E y ( HO} p : () + 2H;O0 
Q H | | OQ H 
H H к= ——{`-Н.. ү ==} 
glycerol | / 7 
"ug Е 
laity асн Е 
mod „7 С-Н. 
чо— — i Hils ES 
a 1.3-diacvlglveerol (8.5) 


Note that the diacvlegIseerol is chiral even though the starting reactants are not. The produc- 
tion of a single stereorsemer 1s assured by the catalysis ob this assembly process by chiral en- 
Aymes (Sec. 78A y The remaining hydroxy group of the els cerol backbone is connected to а 
phosphoric acid molecule ах à phosphate ester. 


à phosphate ester 


(7) C1 
E CII: -CH pop „СН. ane 
Урон H—o0^7' О OC рО em 7^0 + HO 
— " Е b 
О он d О s H o 
D t — i) C =L) 
phosphoric acid | | | 
{Шапат am Cils | =) С-Н 
Cil. Catha 
à T 2 diacvlglicerol а 2,3 uiacviglyceral 1-phesphate (Б.б) 


Finally. the phosphate is connected to an ethanolamine molecule in another phosphate ester 


inkasce. 
i) 
о || CH CH 
+ _ кен аш 
H NCH.CHO--H 0 p O mn 
-0 | 
ethanolamine i 2 : (= {) 
I cationic form present " | 
at neuiral pH t ү C.-H3i 
C,-l FE 


à 2,3 diacyielyeerol 1 phosphate 


OQ 
+ Е 
е е 


-Q | Q + ТОН 
чу fou | 
t C—O 
| | 
iQ | 
: Calls 


Cih, 


phosphatidyicthanolamine 
i4 membrane phospholipids КИ 
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А number of different compounds are utilized in this linal step £o give the most common men- 
brane phospholipids. Besides ethanolamine. choline and serine are the amino aleohols used to 
[orm the most common membrane phospholipids. 


{} 
H | 3 
es | 
; NS 


m d ЫЧ 
н ia е : ^ ) 
choline Н.М CHOI 


serine 


Phospharids dethanolamines are called сера, and phosphatids lcholines are called feci. 


PROBLEMS - , | ү 
| PROBLEMS. 8.21 Give the structure of (a) a phosphatidylserine: tb) a lecithin. 


8.22 (a) Tell whether the configurations of the diacvlglvcerols (Eq. 8.5) and the phosphatidyle- 
thanolamine (Eq. 8.7) are A or 5. 
(b) Explain why these configurations are different. 


Two structural features of membrane phospholipids are particularis important in. under- 
standing their properties, The first is the polar head group, which consists of the 
ethanolamine. choline, or егин and the емеге! phosphate. The second is the nonpolar 
tais. which are the long, unbranched hydrocarbon portions of the molecules. A space-tilling 
model and a chemical structure of phosphatidylethanelamine are compared in Fig. &.4a b. 
The polar head group. being tonic. is well solvated by water amd counterions. Groups such as 
the polar head group, which have stabilizing interactions with water, are sometimes called hy- 
drophilic groups. The nonpolar tails. like other hydrocarbons. are nor well solvated hs water. 
Groups that are not well solvated by water are sometimes called hydrophobic groups. (More 
informally. hydrophobie groups might be called “greasy groups? Thus; a membrane phos- 
pholipid has a Aydrophilic part and a hydrophobic part. Molecules such as phospholipids that 
contain diserete hydrophilic and hs drophoble reetons are said to he amphipathic. As a retlec- 
Don of this amphipathic character. membrane phospholipids are often represented in diagrams 
ах а спале (lor the polar head group) with two “squigely tails.” as shown im Fig. 8c. 

When membrane phospholipids are added to water, something very remarkable happens. 
Thes undergo а process called seff Заде This means (hat they spesiteneousiv form a phos- 
pholipid bilayer, which consists of mans molecules in a double laser in whieh the nonpolar 
tails interact with each other on the interior of the layer. amd the polar head groups imteraet with 
water on the outside of ihe laver (Pig. 8.5 on p. 330). In such an assembly. the solubility char- 
acteristies of both parts of the molecule ean be satistied. These double layers grow to form 
phospholipid vesteles—closed. spherical structures in which a phospholipid Dilaver encloses an 
inner aqueous region. The polar head groups interaet with water on both the inside and outside 
at the vesicle. Chemically. the living cell ean be thought of simplisticalls as a large phospho- 
lipid sesicle in which the cell membrane b à phospholipid bilaver. Actual cells are more vom- 
plex: they contam nuclei and other substructures (mans with their oan membranes) enzymes, 
талу diferent biomolecules, amd so on. And cell membranes contain molecules in addition to 
phospholipids. such as cholesterol and imbedded proteins; Nevertheless. it is the phospholipid 
Мах ет that is primarily responsthle bor the unique character of the cell membrane. 

The phospholipid bayer is generally impermeable to tans. Charged molecules, is well as 
Inorganic ions, cannot penetrate the hydrocarbonlike imerior of the pid bilayer апу more than 
ions can dissolve in gasoline. The тош ЫШ of jonie compounds in hydrocarbons—specifi- 
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P polar head group D 
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CH: 
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Ў 1 H L = polar head group 
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С = 0) ы 

| СН, 
CH: CH, 
CH; CH» 
CH: CH: 
CH; CH; 
CH; CH; 
CH: CH; 
CH: CH3 
CH, CH» 
CH: CH) | 
СН» CH» nonpolar tails 
CH; CH» 
CH: СН: 
CH, fe} 
CH; n 


nonpolar tails 


(а) (b) 


Figure 8.4 (a) A Lewis structure of phosphatidylethanolamine, a membrane phospholipid. (b) A space-filling 
model of phosphatidylethanolamine, (c) A schematic representation of a membrane phospholipid. The polar 
head group is represented as a circle and the nonpolar tail by “squiggles.” This representation is often used in dia- 
grams, such as Fig. 8.5. 


cally, the phospholipid bilayer—ts crucial to the cell's ability to retain proper ion balance. The 
transport of ions through cel! membranes requires special carriers or pores, which are proteins 
imbedded in the membrane. The operation of these ion-carrying systems 15 tightly regulated 
һу the biochemistry of the cell. 

Unlike ions, a number of uncharged molecules diffuse readily through the cell membrane. 
One of the simplest molecules of this type is molecular oxygen (O,). Many drug molecules are 
also in this category. In fact, the ability of drugs to pass through the cell membranes correlates 
with their solubilities in hydrocarbons in the following way. Drugs that are completely insol- 
uble in hydrocarbons do not pass through membranes. Drugs that are highly soluble in hvdro- 
carbons don't either: they move into the phospholipid bilayer and stay there. The drugs that 
pass through membranes are typically those that have a moderate solubility in hydrocarbons. 
Thev are soluble enough in the membrane interior so that thev can enter the membrane, but 
they are soluble enough in water to leave again. 


350 


CHAPTER 8 • INTRODUCTION TO ALKYL HALIDES, ALCOHOLS, ETHERS, THIOLS, AND SULFIDES 


phospholipid bilayer 


imbedded protein 


Figure 8.5 Schematic view of a cell membrane. The enlargement shows a section of the phospholipid bilayer 
and some imbedded proteins. The phospholipid molecules are represented as shown in Fig. 8.4c, with the polar 
head groups represented as circles and the hydrocarbon tails as “squiggles.” The polar head groups are exposed 
to water, and the tails form a hydrocarbonlike region on the interior of the membrane, isolated from water. 


In fact, simple solubility measurements have value in predicting the effectiveness of drug 
candidates. The potency of many drugs can be correlated. in part, with their relative solubilities 
in |-octanol, CH,(CH,),CH,OH, and water. This relative solubility of a drug candidate is deter- 
mined by shaking it with a mixture of 1-octanol and an aqueous buffer at pH = 7.4 (physiolog- 
ical pH). and then measuring the concentration of the drug in each phase. If the drug contains a 
group that can ionize (such as a carboxylic acid) or protonate (such as an amine), the concentra- 
tion of the neutral drug molecule is calculated from its pK, value. The ratio of concentrations of 
the neutral molecule in the 1-octanol and aqueous phases is called the octanol-water partition 
coefficient. Hydrophobic molecules have larger partition coefficients than hydrophilic ones, 
and. for a given tvpe of drug activity, there is an optimum value for the partition coefficient. Pre- 
sumably the 1-octanol phase mimics the hydrophobic environments with which a drug must in- 
teract to exert its physiological effect. Such environments might include the phospholipid bi- 
layer in the membrane of the target cells, the phospholipid bilayer in the intestinal epithelium 
(the layer of cells through which an orally administered drug must pass in order to be absorbed). 
and the active site of a protein target to which the drug ultimately binds, thereby exerting its ef- 
fect. The use of 1-octanol-water partition coefficients to predict drug activity was developed by 
Professor Corwin Hansch (b. 1918) of Pomona College in California. 


Nicotine, the Nicotine Patch, and Cigarette Addiction 

The nicotine patch is a practical example of the importance of drug transport across cell mem- 
branes. Nicotine is the addictive substance in tobacco, and thus in cigarettes. Nicotine is a base and 
can exist both as the free base and as the positively charged conjugate acid. The basic form has a 
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greater solubility in hydrocarbons than the salt form; the salt form is more soluble in water than the 


basic form. 
D Te 
"c И / К (8.8) 
N М - Њо ж” “М М + нњо 


CH; НС. H 
nicotine nicotine 
conjugate base conjugate acid 
(neutral) (cationic) 


The nicotine patch is used to wean smokers from cigarettes gradually by providing the addictive 
material in successively lower doses without requiring smoking. Nicotine within the patch is in the 
conjugate-base (neutral) form, which readily passes through the skin and various other membrane 
barriers on its way to the brain, where it exerts its neurological effects. The conjugate acid of nicotine 
would not be as effective in the patch, because, as an ion, it would not pass through the membrane 
barriers of the skin. 

Cigarette manufacturers have long known that including compounds that release ammonia at 
high (smoking) temperatures in their cigarettes increases the addictive potential of their products. 
Ammonia ts a base and serves to maintain nicotine in its free-base form, which is readily absorbed 
through the membranes of the nose, mouth, and lungs. 


B. Cation-Binding Molecules 


Ionophores are molecules that form strong complexes with specific ions. (The word ionophore 
means "ion-bearing^ ). The crave ethers and the cervpranmds; both of which are. synthetic 
lonophores. and the fovepfiere ontibioties amd ian channels, lonophores found in nature, are in- 
iriguing Pecause they mteract with cations through the same mechanisms used by donor solvents. 
Study of these топорбогех provides additional insight into the mechanism of ionic solvation, 


Crown Ethers апа Cryptands Some metal cations torm stable complexes with a class of 
synthetic ienophores known as стает ethers, which were frst prepared in 1967. Crown 
ethers are heterocyelie ethers contuming a number of regularly spaced oxygen atoms. Some 
exainples of crown ethers are the follow rag: 


aUud 
B Ow 
lm a 
ы e ч. ш“ 
Lo J Wu 2 
On Fi eb 


[18]-crown-& [L2] -crownmn-4 dibenzo]18|-crown-é 


(The number in brackets indicates the total number of atoms in the ring. and the number tol- 
lowing е hyphen indicates the number of oxygens.) The terni eren was suggested by the 
three-dimienstonal shape of these molecules. shown in Fig. 8.6 on p. 352 for the complex of 
| L&]-erow n-6 with the potassium ion (KO). The oxygens of the “host” crown ether wrap 
around the “guest” metal cation, complexing it within the сауну of ihe ether using the donor 
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Figure 8.6 Structure of the [18)-crown-6 complex of the potassium ion. (а) A Lewis structure; (b) a ball-and- 
stick model; and (c) a space-Alling model.In (b) and (c), the oxygen atoms are shown in red. Because the outside 
of the complex is essentially a hydrocarbon, crown ethers and their complexes are soluble in hydrocarbon 
solvents. 


and charge-dipole interactions discussed in the previous section. In fact, one can think of à 
crown ether molecule as a “synthetic solvation shell” for a cation. Because the metal ton must 
fit within the cavity, the crown ethers have some selectivity for metal ions according to size. 
For example, [18]-crown-6 forms the strongest complexes with potassium ion: somewhat 
weaker complexes with sodium, cesium, and rubidium ions; and does not complex lithium 
ions appreciably. On the other hand. [12]-crown-4, with its smaller cavity, specifically forms 
complexes with the lithium ion. 

Closely related to the crown ethers are the eryptands, which are nitrogen-containing 
analogs of the crown ethers. The presence of nitrogen allows for a bicyclic structure that pro- 
vides an additional pair of oxygens to assist in binding the metal ion. The structure of a typi- 
cal cryptand and its complex with a potassium ion is shown in Fig, 8,7. (Complexes of metal 
ions and cryptands are called eryptates. ) Because their structures contain hydrocarbon groups, 
crown ethers and crvptands have significant solubilities in. hydrocarbon solvents such as 
hexane or benzene. The remarkable thing about the crown ethers and cryptands is that they can 
cause inorganic saits to dissolve in solvents in which these salts ordinarily have little or no sol- 
ubility. For example. when potassium permanganate is added by itself to the hydrocarbon ben- 
zene, no KMnO, dissolves. Upon addition of a little dibenzo[18]-crown-6, which forms а 
complex with the potassium ion, the benzene takes on the purple color of a KMnO, solution, 
and this solution (nicknamed "purple benzene") acquires the oxidizing power typical of 
KMnO,. What happens is that the crown ether complexes the potassium cation and dissolves 
it in benzene; electrical neutrality demands that the permanganate тюп accompany the com- 
plexed potassium ion into solution. The stabilization of the potassium ion by the crown ether 
compensates for the fact that the permanganate anion is essentially unsolvated, or "naked." 
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ibi (с) 


Figure 8.7 (a) А skeletal structure of [2.2.2]-cryptand. (The numbers refer to the number of oxygens in each of 
the three chains.) (b! A ball-and-stick model of a cryptate, a [2.2.2]-cryptand containing a bound potassium ion. 
(The hydrogen atoms are not shown.) (c) A space-filling model of the cryptate in (bi with hydrogens shown. 


Other potassium salts can be dissolved in hydrocarbon solvents in a similar manner. For ex- 
ample, KCl and KBr can be dissolved in hydrocarbons in the presence of crown ethers to give 


Host-Guest Chemistry 

As discussed on p. 352, crown ethers and cryptands can discriminate among various cations on the 
basis of ionic size. As a result, crown ethers and cryptands bind ions with a degree of selectivity. In re- 
cent years, chemists have designed other classes of molecules that can "recognize" and bind more 
complicated compounds on the basis of their precise structures. This type of work has been spurred, 
at least in part, by a desire to understand and duplicate synthetically the highly specific binding 
characteristic of such biological molecules as enzymes and receptors. This general field, called 
host-guest chemistry or molecular recognition, was recognized with the 1987 Nobel Prize in Chem- 
istry, which was awarded to three of its pioneers: Charles J. Pedersen (1904-1989), then a chemist 
with DuPont, who invented the crown ethers; Jean-Marie Lehn (b. 1939), professor of chemistry at 
Université Louis Pasteur in Strasbourg, France, and the College de France in Paris, who devised the 
cryptands, and Donald J. Cram (1919-2001), who was a professor of chemistry at the University of 
California, Los Angeles. 
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ionophore Antibiotics The ronophore antibiotics are biologically important examples of 
ionophores. An antibiotic is a compound that interferes with the growth or survival of one or 
more microorganisms. The ionophore antibiotics form strong complexes with metal ions in 
much the same way as crown ethers and cryptands. An example of such a compound is non- 
actin, one of a group of antibiotics produced by a microorganism, Streptomyces griseus. 


i} 
| Н CH; H 
C 5 


inre 


H H HaC H 


nonactin 


Nonactin has a strong affinity for the potassium ion. As shown in Fig. 8.8, the molecule 
contains a cavity in which eight of the oxygen atoms (red in the above structure) form a com- 
plex with the ion. In contrast, the atoms on the outside of the nonactin molecule are for the 
most part hydrocarbon groups. Recall from Sec. 8.5A that the interior of biological mem- 
branes consists of a phospholipid bilayer, and that this hydrocarbonlike region provides a nat- 


(a) (b) 


Figure 8.8 Models of the complex of the antibiotic nonactin with potassium ion. (a) A ball-and-stick model in 
which the hydrogens are not shown. The dashed lines indicate interaction between oxygen atoms (red) and the 
potassium ion. (b) À space-filling model in which the hydrogens are shown.The nonactin molecule wraps around 
the potassium ion like a hand holding a ball. Because the outside of the complex is essentially hydrocarbon in 
character, the complex, like the crown ether-metal ion complexes (Fig. 8.6), is soluble in nonpolar aprotic solvents. 
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ural barrier to the passage of tons. However, the hydrocarbon surface of nonactin allows it to 
enter readily into, and pass through. membranes. Because nonactin binds and thus transports 
lors. the ren balance erucial to proper cell function ts upset and the cell dies. 


fon Channels [on channels. or "ion gates.” provide passageways for ions into and out of 
celis. (Recall that ions are not soluble in membrane phospholipids.) The How of tons 18 essen- 
tial for the transmission of nerve impulses and for other biological processes. А typical chan- 
nel is a large protein molecule иһ Мен m а cell membrane, Through various mechanisms. 
ion channels ean he opened or closed to regulate the concentration of tons in the interior of the 
cell. Tons do not diffuse passively through an open channel: rather. an open channel contains 
regions that bind a speeitiv jon, Such an ion is bound specifically within the channel at one 
side of the membrane and is somehow expelled trom the channel on the other side; Remark- 
ably, the structures of the ton-hinding regions of these channels have much in common with 
the structures of ionophores such as попасти, The first X-ray crystal structure of à potassium- 
ion channel was determined in [998 by à team of scientists at Rockefeller University led by 
Prof, Roderick MacKinnon ib. 19456), who shared the 2003 Nobel Prize in Chemistry for this 
work, The interior of the channel contains binding sites for two potassium fons: these sites are 
oxveen-rich. much like the interior of nonaetin, The oxygens in each site are situated so that 
They just "liU a potassium ion and are too far apart to interact effectively with a sodium ion. 
The exterior of the channel molecule contains many groups that “solubilize” or "anchor" it 
within the phospholipid bilayer of the cell membrane, When Po potassiunt ions bind into the 
channel. the repulsion between the [мо fons balances the ion-binding forees, und one of the 
lens can then leave the channel: this is postulated to be the mechanism of ionic conduction. 


PROBLEM 
8,23 The crown ether |18]-crown-6 (structure on p. 352) has a strong affinity for the methylammo- 


nium ion, CH,NH,. Propose a structure for the complex between [18]-crown-6 and this ion. 
(Although the crown ether is bowl-shaped, you can draw a planar structure for purposes of 
this prablem.) Show the important interactions between the crown ether and the ion. 


m Pg 


a 


8.6 ACIDITY OF ALCOHOLS AND THIOLS 


Alcohols and thiols are weak acids. In view of the similarity hetween the structures of water 
and alcohols; it may соте as no surprise that their acidities are about the same. 


Q. vn. 


" E d 
рК БК. Em 


The conjugate bases of aleohols are generally called еколо, The common name of an 
alkoxide is constructed by deleting the linal ví from the name of the alkyl group and adding 
the suffix oxide. In substitutive nomenclature. the suffix are is simply added to the name of the 
alcohol. 


CH ACH-Or Nat compen sodium ethoxide 
йин: sodium ethanolate 


The relative acidities of aleohols and thiols are a reflection of the element effect described 
in Sec. 36A, ТУ. with рА values near 10, are substantially more acidic than alcohols, Гот 
example. the p&, of ethanethiol, CH CESSIT. is 10.5. 
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The conjugate hases of thiols are called mercaptides in common nomenclature and Hre- 
fates IN substitutive nomenclature. 


H:S: Nat ынк: sodun methyl mereaptuide 
CH:5 N 
substttuiiver sodiwm methanethiolate 


PROBLEMS : ; 
| PROBLEMS. 8.24 Give the structure of each of the following compounds. 


(a) sodium isopropoxide = (bj potassium fere butoxide 
(с) magnesium 2,2-dimethyl- | -butanolate 


8.25 Name the following compounds. 
(a) Ca(@OCH,}, tb Cu—SCH.CH, 


Formation of Alkoxides and Mercaptides 


Because the acidity of a typical alcohol is about the same as that of water an aleotiol canne 
be converted completely into its alkoxide conjugate hase im an aqueous NaOH solution, 


CH,CH,—QH + OI. SE СОНО: + HO: iU) 


Because the relative pA, values are nearly the same for ethanol and water, both sides of the 
equation contribute significantly at equilibrium. [n other words. /vdrexide Is not er strong 
cnet Pave te convert an соп completely mto ips vonjugute-base alkoside. 

Alkoxkles can be formed irreversibly from alcohols with stronger bases. One convenient base 
used For this purpose is sodium hydride. NaH. which is а source ol tne Avedride ton. H:. Hydride 
ion isa very strong base: the рд of its conjugate acid. Ka. Is about 37. Hence, its reactions wilh 
alcohols go essentially to completion. In addition. when NaH reacts with an alcohol. the reaction 
cannot be reversed because the by-product hydrogen gas. simply bubbles out of the solution. 


EI 


Nat Him + H—O CHOH CH. a Nat СИЛОС, > Нә] ахин 


| | 
CH; CH, 


quantitative viele 


Potassium hydride and sodium hydride are supplied as dispersions i mineral oil toe protect them from 
reaetion with moisture When these compounds are used to eem ert am ао ate an Коҳ, the 
mineral otl is rinsed away with pentane. a solvent sieh as ether or THE ts added. and the aleohol ts 
introduced cautieus]s s ith siring. Hydrogen ts evolved siporousls. and a seltition or suspension ef 
the pure potassium or sedium alkoxide b formed. 


Solutions of alkoxides in their conjugate-acid alcohols find wide use in erganme chemistry, 
The reaction used to prepare such solutions is analogous 1o à reuctian ol waler seu imas hive 
observed, Sodium reaets with water to give an aqueous sedium hydroxide solution: 


IHS OI + Na — 2Na* COH -HÍ EARE 


The analogous reaction occurs with mans uleohals. Thus. sedium metal reacts with an alcohol 
to afford a solution of the corresponding sodium alkoxide: 


2R—OH + 2Na — 2Na* TOR - Н] (RAD) 


sodium alkoxide 
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The rate of this reaction depends strongly on the aleohot. The reactions of sodium with anh - 
irous Cualer-Free: ethanol and methanol are когон, but not violent However, the reactions 
ol Sodium with seme alcohols, such as terr buts | alcohol, are rather slow. The alkexides of 
such alcohols van be formed more rapidi with the more reactive potassium metal 

Because thiols are much more acidic than water or alcohols, they, unlike aleohols. can be 
converted completely into. their conjugate-base. mereapiide anions bs reaction. with one 
equivalent of hydroxide or alkoxide. [n fact. a common method of forming alkali metal 
mercaptides as to dissolve them in ethanol комате one equivalent of sodium ethoside: 


CASH = CALOT ж” CH 6 CHHIOH TNET 
ethanethiol ethaxide ion ethancthiolate ethanol 
pA, dua ion pA, 13.4 


Because the equilibrium constant for this reaction is 10^ (See. 3.4), the reaction goes es- 
sentially ta completion, 

Although alkali-metal mercuptides are soluble in water and alcohols, thiols form insoluble 
mereaptides with mans heiss -metab ions, such as He Cu and РЬ. 


А | . UE HH . . - 
2CH AUCH. ЗП РЫС. CICH SPb -= 2HE ак 
decanethial lead( II} decanethiolate 
КЭШ? 4 TENE 
2ph8H + НС]. —— s PhS)Hy - FHC БАЕ 


| Rt vivld i 


The insolubility of heavs -metal mercaptides is analogous to Ше inselubility of heavy -melal 
sulfides (ror example. eadi [T sulfide. Phi. which are among the most insoluble inorganic 
compounds known. One reason for the lovicity of lead salts is that the lead forms vers strong 
(slable} mereaptide complexes with the thiol groups ef important biomolecules. 


Curing a Disease with Mercaptides 


A relatively rare inherited disease of copper metabolism, Wilson's disease, can be treated by using the 
tendency of thiols to form complexes with copper ions. Accumulation of toxic levels of copper in the 
brain and liver causes the disease.Penicillamineis administered to form a complex with the Cu^* ions: 


i 


+ / \ 
ү" 2 7 N: ee ionized 
| " ionized carboxylic 
Сн; CH — C—O carboxylic P acid 
id : 
penicillamine as s, МАЕ 0 


(CH3;C— CH —C—O. 


compiex of two penicillamine molecules 
with Cut 


The penicillamine-copper complex, unlike ordinary cupric thiolates, is relatively soluble in water be- 
cause of the ionized carboxylic acid groups, and its solubility allows it to be excreted by the kidneys. 
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pA. 


Polar Effects on Alcohol Acidity 
Substituted alcohols and thiols show the same type of polar effect on acidity as do substituted 
carboxylic acids (Sec. 3.6C). For example. alcohols containing electronegative substituent 
groups have enhanced acidity. Thus. 2,2.2-trifluoroethanol is more than three pK, units more 
acidic than ethanol itself. 
Relative acidity: 

H;C—CH;—OH = FiC—CH;— OH (8,16) 

рК, 15.3 12.4 

The polar effects of electronegative groups аге more important when the groups are closer to 
the — OH sroup: 


Relative acidity: 


F,C—CH,—CH.—CH,—OH < FE.C—CH,—CH,—OH < EC—CH,—OH (8.17) 


15.4 14.6 12.4 


Notice that the fluorines have a negligible effect on acidity when they аге separated from the 
— ОН group by four or more carbons. 


PROBLEM l і 3 TA 
8.26 In each of the following sets, arrange the compounds in order of increasing acidity — 


(decreasing pX,). Explain your choices. 

(а) CICH,CH,OH, Cl,CHCH,OR, CI(CH,),0OH 
(b) CICH,CH;SH, CICH,CH,OH, CH;CH,OH 
(c) CH,CH,CH,CH,OH, CH,OCH,;CH,OH 


С. Role of the Solvent in Alcohol Acidity 


Primary, secondary. and tertiary alcohols differ significantly in acidity: some relevant på, val- 
ues are shown in Table 8.3, The data in this table show that the acidities of alcohols are in the 
order methyl > primary > secondary > tertiary. For many years chemists thought that this 
order was due to some sort of polar effect (Sec. 3.6C) of the alkyl groups around the alcohol 


oxygen. However. chemists were fascinated when they learned that in the gas phase—in the 
absence of solvent—the order of acidity of alcohols is exactly reversed. 
Relative gas-phase acidity: 

(CH,),COH > (CH,),CHOH > CH,CH,OH > CH,OH (8.18 


E Acidities of Alcohols in Aqueous Solution 


Alcohol pK, Alcohol pA, 


CH,OH 15.1 (CH,),CHOH 17.1 
CH,CH,OH 15.8 (CH,),COH 19.2 


2 


Further Exploration 8.2 
Salvation of 
Tertiary Alkoxides 
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Notice carefully what is being stated here. The relative order of acidity of different types 
of alcohols is reversed in the gas phase compared with the relative order of acidity in solution. 
Hs vat true that alcohols are more acidic in the gis phase than they are in solution; rather. all 
aleoehols are nach more acidic in solution than they are in the gas phase. 

Branched alcohols are more acidic than unbranched ones in the gus phase because ecalkyl 
substituents stabilize alkoxide tons more effectively than hydrogens. (Recall that stabilization 
of a conjugate-base anion increases acidity; Eig; 3.2, p. 1134. This stabilization occurs by a po- 
lartzation mechanism. That is. the electron clouds of each alkyl group distort so that electron 
density moves away from the negative charge on the alkoxide oxygen. leaving a partial posi- 
live charge on the central carbon, The anion is stabilized by its favorable electrostatic interac- 
поп with this partial positive charge. 


methyl group 
electrons 


ал attractive матты) 
гасе 


Hecause а tertiary alcoho) has more e-alkyl substituents than a primary aleohol. a tertiary 
alkoxide is stabilized by this polarization effect more than a primary alkoxide. Consequently, 
tertiary сово! are more acidic in the gas phase, 

The same polarization effect is present in solution, but the different acidity order in solu- 
пол shows that another. more important, effect is operating as well. The acidity order 1n solu- 
пел is due to the etfectiveness with which alcohol molecules severe their conjugale-buse an- 
ions; Recall trom See. 8.48 that anions are solvated. or stabilized in solution. by hydrogen 
bonding with the solvent. Such hydrogen bonding is nonexistent in the gus phase. It is thought 
that the alkyl groups of a tertiary alkoxide somehow adversely affect the solvation of the 
alkoxide oxygen, although a precise deseription of the mechanism ts unclear. (is known not 
lo be a simple steric effect.) Reducing the solvation of the tertiary alkoxide increases its en- 
eres and therefore inereztses ibs basicity, Because primary alkoxides do not hase so many alkyl 
branches. the salvation of primary alkoxides i5 more effective. Consequently, their solution 
basicities are lower. To summarize: tertiary alkoxides are more basic in solution than primary 
alkoxides, An equivalent statement is that primary alcohols are more acidic in solution than 
tertiary alcohols. 

The essential point of this discussion is that the solvent is not an idle bystander in the 
acid-base reaction: rather. It takes an active role in stabilizing the molecules involved. espe- 
cally the charged species. 


BASICITY OF ALCOHOLS AND ETHERS 


Just as water can accept a proton to form the hydronium топ. aleahots. ethers. thiols. and sul- 
fides can also be protonated to [orm positively charged conjugate acids. Alcohols and ethers 
do not differ greatly trom water 1n their hasicities: thiols and sulfides. however. ure much less 
basic, 
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H HI | [1 | 
H3) H Саг eH С 602—6 511; сыа 5— 1I Volle a Call, 
+ + + + + 
hydronium ton conjugate acid conjugate acid conjugale acid conjugate acid 
of cthanol of diethyl ether of ethanethiol of diethyl sulfide 
pK, - 74 Jw 3 gs 


The negative pA vues, which reflect the среле efect on pA (Sec. 26B), mean that these pro- 
кише spectes are very strong acids, and that their neutral conjugate bases are rather weak. Mev- 
ertheless. the ариу ol aleobols, ethers, and their sulfur analogs lo accept a proton plays a vers 
important role in mans of their reactions; partieülarly those that take place im асе solutions. 

мойсе carefully that the pA, values above reler im each case lodhe conjugate acid of the 
neutral base, Апо and thiols. ike water, are серлелеге substances 


that is. thes can ci 
(her eain or Jose a proton; Thus. two aen Mase equilibria are assoctated wih an ао 


hess af proton: 
CH, ÖH- COH ==" CH, — OT- H—OH X Ln 
pA, 159 би Lx. 


Gain ef a рит нөн: 


Г] 
| 
С — 0—H m H40* E talk mti h І Н.С: КАШ 
+ 
p. m NE PAo = % |n m. 


The асан of an uleohoel—1the loss of à proton —is exemplitied bs the reason m Eq. 8.192. 
Because alcohols are weak acids. this reaction occurs usuali onh in the presence of strong 
bases. The basicity of aleohols—the ший of a proton—is exemplhitied by the reaction in Fa. 
8.196, Because alcohols are weak bases, this reaction usually occurs significantly only in the 
presence of strong acids, 

Ethers are also importunt Lewis bases. For example. the Lewis acid-Lewis base comple ot 
boron triBuoride and diethyl ether is stable enough that it сап be distilled (bp 126 °С), This 
comples is d convenient way to handle BI’, 

С.Н, 


= a 
FiK — ii 
E: 


C.H, 
boron trifluoride etherate 


Another example of the Lewis büsieily of ethers is the complexation of BIE, hy tetrahydrotu- 
ran (THF). the solvent used in hydroboration (Sec. 3.4B. p. 190). 

Water and alcohols are also excellent Lewis bases. but their complexes with Lewis acids 
are in mans cases unstable. The reason is that the protons on sw ater and aleohols ean react tur- 
ther and. as a result. the complex is destroyed. 

Z^ exci i = E 
CH, —O—H © BER — CIH.I—O—Bf; ——® CIL—0— ВЕ. -HP н» 


H (reacts further 
with € d od ti 


Because ethers luck these protons. their complexes with Lewis acids do not react further. 


8.8 GRIGNARD AND ORGANOLITHIUM REAGENTS 361 


GRIGNARD AND ORGANOLITHIUM REAGENTS 


Compounds thal contum carbon metal bonds are culled organometallic compounds. We've 
already seen Two examples of such compounds: the oxsmereuration adduets lormed when 
aqueous mercurte acelale reacts with alkenes (See. 344A) and the organohoranes formed hy 
the addition of Bil; to alkenes (See. 34B) Two of the most useful types of organometallic 
compounds аге Grignard reagents and organolithium reagents. A Grignard reagent is à con- 
pound ol the form R—Aie—X. where X = Br, Cl orl. 
Examples of Grignard reagents; 

carbon-metal bond 


CHCH Mg— Br "V oz 


eihylmagnestum bromide 
cyclohexylmagnesium chloride 


Development of Grignard Reagents 


Grignard reagents are among the most versatile and important reagents in organic chemistry. The 
utility of these reagents was originally investigated by Professor Francois Phillipe Antoine Barbier 
(1848-1922) of the University of Lyon in France. However, it was Barbier's successor at Lyon, Victor 
Grignard (1871-1935), who developed many applications of organomagnesium halides during 
the early part of the twentieth century. For this work, Grignard received the Nobel Prize in Chemistry 
in 1912. 


Organolithium reagents are compounds of the form R— LHi. 


Examples ef erganelitlium reueemnts: 


carbon metal bond 


CHESCHSCIECIE.— Li к =] 
butyllithium 


phenyllithium 


Although the organolithium reagents are pictured tor conventence as R— [Ej mans. studies 
have shown thal hese reagents in solution are aggregates of several molecules (that is. (RL, } 
and thal the aggregation state depends on the solvent. 


A. Formation of Grignard and Organolithium Reagents 


Both Grignard and organolithium reagents are formed by adding the corresponding alkyl or 
ary | halides to rapidis stirred suspensions of the appropriate metal. Ether solvents must be 
used for the formaton of Grignard reagents: 


| : | iC EL 1-43 . : 
CH,CH, -Br : Mg — —- CH,CH.—Me—Br LAE 


hromoethane ethylmagnesium bromide 
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"o5 THE / E 
/ Cl + Me o—— ‚[ Me—C] {8.213 
X 


chloracyclohexane cyclohexylmagnesium 
chloride 
The solubility of Grignard reagents in ether solvents plays a crucial role in their formation. 
Grignard reagents are formed on the surtace of the magnesium metal. As they form. these 
reagents are dissolved fram the metal surface by the ether solvent. As a result, a fresh metal 
surface 15 continuously exposed to the alkyl halide. Grignard reagents are soluble in ether sol- 
venis because the ether associates with the metal in a Lewes cn! Бале ийегисйип. 


CoHs ДН, | | | | | | 
О Cols... „СН, CHR E talis Coss, Hs 
Ó Q 0 
| > > f 
R—Mg—Br > | МЕВА Ма Вг ч» = R—Mg-—Br 
à 4 Q 
| 0 i 
P CH. OOH C,H,^ ЗН; C.H, ^ ¥ "CH. 
C. Ha С-Н: ЧЕЛУ 


The magnesium of the Cirignard reagent is two electron pairs short of an octet. and the oxygen 
ol each ether molecule сап donate an electron pair to the metal. (This interaction ts very sim- 
ilar to the donor interactions that stabilize cations in solution: Sec; 8.4 B.! 

Oreanolithium reagents are typically formed in hsdrocarhon solvents such as hexane: 


сн спс. с df EE CHUACH CH- + 


] -chlorobutane butyllithium EXE 


Because organolithium reagents are soluble in hydrocarbons, ether solvents are not required 
for their formation. 

Grignard and organolithium reagents react violently with oxygen and (as shown m the next 
section) vigorously with water, For this reason these reagents must be prepared under rigor- 
ously oxygen-free ard moisture-free conditions, In the case of Grignard reagents. exclusion of 
oxygen 1s easily ensured by the low boiling points of the ether solvents that are normally used. 
As the Grignard reagent begins to form. heat is liberated and the ether boils. Because the re- 
action ask is filled with ether vapor oxygen is excluded. 


iiie ai 8.27 Give an equation showing Ihe preparation of each of the following organometallic compounds. 
(a) (CH,),CH—MeBr ib) CH,—Mgl (c)Ph—Li td! CH; CH—CH;HB 


8.28 Complete each of the following equations. : 
: | кї 
(а) Вг СНС + ы —— 


THE 
+ Мр ———- 


B. Protonolysis of Grignard and Organolithium Reagents 


All reactions of Grignard and organolithium reagents can be understood in terms of the polar- 
itv of the carbon—metal bond. Because carbon 15 more electronegative than either magnesium 
or lithium, tHe negative end of tie carbon-metal bond ts the carbon atom. This is illustrated 
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graphically by the EPN of the Grignard reagent meths magnesium iodide, which shows the 
high degree of electron density on the carbon and the halogen. 


НИЕ. 7 F 


HC —— Mg | 


| ewis structure and bond dipoles 
of methyImagnesium indice 
EPM of metlmagnesium ИД 


imagine now carrying this pelure of bond polarity to the extreme by breaking the carbon- 
metal bond of a Grignard or organolithium reagent so that the metal becomes positively charged 
and electron-deticient, and the pair of electrons in the bond ends up on carbon. Such a carbon. 
bearing three bonds, an unshared electron pair. and à negative Formal charge, is a carbon anton, 
or carbanion. Grignard end ergunolithitun reagents rcuct as mr they were curhanions: 


R К 
h—C-- Мех reacts as if it were КС MgX 1.24} 
/i 
R R 


3 carbon anion 
or carbanion 


Grignard and organolithium reagents are not не carbanions because they have covalent gar- 
bon-metal bonds, However. we can predict their reactivity by Ireating them cenceptueally as 
carbanions. 

For example. the view of Grignard and organolithium reagents as earbanions predicts the 
outcome of simple Bronsted acid-base reactions; Carbanions are powerful Bronsted bases he- 
cause their conjugate acids, the corresponding alkanes, ure extremely weak acids; with pK, 
values estimated to be in the 55. 60 range. The logic, then, is 


1. R—H isa vers weak acid (pA = 553-60): therefore, 
2, RE isa very strong base: therefore, 
3 R—MmzX and R —T.i are also strong bases, 


In fact. any Grignard or oreunolitium reagent reacts vigerousiy with even relatively weak 
acids. such as water and alcohols, to give the vonjugate-base hydroxide or ulkoxides and the 
conjugate-acid hydrocarbon of the earbanion. 


CHi;CH.— MgBr + ПОН —— CH\CH;—H + НО MgBr.— (826i 


(CH,C—li | О ——9 СИ СН = LOH (8.27) 
ССН MeBr + CHOH ж CH,CH.CH,—H + СН Мей 18.281 


Each of these reactions can be viewed us the reaction of à curbanion hase with the proton of 
water or uleohol: 


i "m А 
" + ы аа ES 
CHCH; MgX H--OR —* CH;CH,—H + ROW MgX KW) 


conjugate acid contugate base 
аба at Rt}— [1] 
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Reactions 8,26—8,29 are examples of protzenolysis. A protenulysis is ans reaction with the 
proton of an acid that breaks chemical bonds, For example, in the protonolysis of a Grignard 
reagent the carbon metal bond of the Grignard reagent is broken. The protonolysis reaction 
can be an unnoyanee. since, because of d. Grignard and organolithium reagents must he pre- 
pared in the absence of moisture; However, the protenols sis reaction ts also useful. because it 
provides a method ter the preparation of hydrocarbons rom alkyl hetlides, Notice, lor exam- 
ple, in Eg. 8.29 that ethane {а Bydrocarbont is produced [rom ethylmagnesinim bromide, 
which, in turn. comes from ethy1 bromide бап ШКУ halide) Although one s ould not normaly 
prepare an ordinars hydrocarbon by protonoby sis, à particularly useful variation ob this rede- 
пол is the preparation of hydrocarbons labeled with the hydrogen isotopes deuterium (D. or 
“Eh or uitium (T. or H1 hy reaction of a Grignard reagent with the corresponding isotopicalls 
labeled water. 


Ми ht 


СНБ. — Hr РСС МВт a CIR CEI h —D.— (is Mn 


L'Î her 


poser leas 8.23 Give the products of the following reactions. Show ihe curved-arrow notation for each. 
(a H4C—Li + CILOH ——9 (БСН СИС, MgCl + НО ж 


8.24 (a) Give the structures of two isomeric alkvImaesnesium bromides thal would react with water 
to give propane. 
(b) What compounds would be formed from the reactions of the reagents in ta) with D,O” 


INDUSTRIAL PREPARATION AND USE OF 
ALKYL HALIDES, ALCOHOLS, AND ETHERS 


A. Free-Radical Halogenation of Alkanes 


Among the methods used in industrs, amd occasionally in the laboratory, to produce simple 
alkyl halides is direct halogenation of alkanes, When an alkane such as methane is treated with 
Cl, or Br. in the presence of heat or пећ. a mixture ol alkyl halides is lormed by successive 
chlorination reactions. 


het or [Dii 


Ci «= ШЙ, CREL ИС TEIN 
_ | heat or lehi | . : 
CHC) = с Se CHEL - HCI TEITT 
| бн Vue | 
ТЛ. + Ch ——— ———»9 CHEL + HC TEIN 
"T ‚ heat ar fish - | 
CUM, + CI- - CC], НС (831i 


The relative amounts of. the various. products can be controlled by sarsing the reaction 
conditions. 

The products in Eqs. 831a -d are formed in à series of мА РОР reactions (Sec. 7.98). 
For example. CH,Cl is formed bs the substitution of a hydrogen atom in methane bs a ehto- 
rine atom: 


| heat or duhi А = Ч 
БАНЫ: li c-i HCl FERE 
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The conditions of this reaction (initiation by heat or Пећ suggest the involvement of freg- 
radical intermediates (Sec; 5.600. The mechanism of this reaction im faci follows the typical 
pattern. of other free-radical chain reactions: H has Initiation, propasation, and termination 
steps. The reaction is initiated s hen a small number of halogen molecules absorh energy trom 
the heat or light and dissociate homolytically into halogen atoms: 


" : 
xi. la, 


ACE . d КЕТ 


The ensuing chain reaction has the following propagation steps: 


I AR Aa c. = 
ОГ Н CHI — :CI—H -o Ci (X 34a) 
methyl 
radical 
CX TM 
(Lal LT e M | 
CIA CE d ЧОН, —- CI! -- :CI— CH, (Дю 


The chlorine radical formed in Eg. 834b reacts with another CH, as shown in Eq. 8.34, and 
thus the chain reaction continues. Termination steps result trom the recombination of radical 
species (Problem 8.321 

The halogzenation of alkanes by a free-radical mechanism is an example of a free-radical 
substitution reaction: a substituton reaction tht occurs bx а free-radical chum mechanism. 
(Contrast this with the /rcee-redical addition mechanism for peroxide-medtated addition to 
alkenes m See. 5.6.) 

Free-radical halogenations with chlorine and bromine proceed smoothly, halogenation with 
fluorine is violent, and halogenation with iodine does not occur, These observations correlate 
with the AA” values for halogenation of methane bs each halogen tsce Problem 5.43 on p. 222). 
| alogenition by fluorine is so strongly exothermic (3472. —424 k] то. = 101 keal mol! i 
that the reaction is difficult to control: that is, the temperature of the reaction mixture rises more 
rapidly than the heat can be dissipated. [odination is endothermie АН" = —54 KJ mol! = 13 
kcal mol ^! x the reaction is se unfavorable energetigalls that it does not proceed to a useful ex- 
tent, Chlorination (4/7 — — 106 kJ mol !, 23 keal mol ) and hromination АН T 30 
kJ mol!) —7 heal mol are mildly exothermic and proceed to completion without becoming 
violent. 


PROBLEMS : : ; 
| PROBLEMS | 8.31. Give the tree-radical chain mechanism for the formation of ethyl bromide from ethane and 


bromine in the presence of light. 


8.32. Explain why butane 15 formed as a minor by-product in the free-radical bromination of ethane. 


B. Uses of Halogen-Containing Compounds 


Ol the millions of organic compounds that occur naturally, relatively few (about S000) are 
halogen-contuining. Most of those thut do occur are produced by marine oreanisms that im- 
habit salt water. in which the voncentration of halide tons is relatively high. 

Alky E halides and other halegen-containing organie compounds have many practical uses. 
Methylene смола and ehlorotorm are important solvents (see Table 8.2) that do not pose the 
flammability hazard of ethers. (Carbon tetrachloride was also important until its toxicity was 
recognized. } Tetrachloroethyienc. trichilorofDuoroethane. and trichloroethy lene are used indus- 
rally as dry-cleaning solvents A number of hafoeen-contaming alkenes serve as monomers 
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for the synthesis of useful polymers, such as PVC. Teflon. and Kel-F (see Fable 5.4). Bromotri- 
Huoromethane and a number of other brominated organic compounds are used as commercial 
flame retardants. The compound 2,4-dichlorophenoxyacetie acid (sold as 2.4-D) mimics a plant 
grow th hormone and causes broadieaved weeds to overgrow and eventually die. This is the dan- 
delon killer used in commercial lawn ferulivers. 
cd 
{) 
C] —O0—UCH.—C€ —O0H 


2,4-D 


А few alkyl halides have medical uses. Halothane. CIBrCH—CF,. and methoxyflurane, 
C1LCH—CF.—OCH,, are safe and inert general anesthetics that have largely supplanted the 
highly flammable compounds ether and cyclopropane. Certain [luorocarbons dissolve sub- 
stantial amounts of oxygen. and some of these have been the subject of ongoing researeh as 
artificial blood in surgical applications, 

Because alkyl halides are rarely found in nature; and because many are not biologically de- 
graded. it is perhaps rot surprising that some alkyl halides released into the environment have 
become the focus of concern, The chlorofluerecarbons (freans, ar СЕС) such as FACCI. 
HCCIF.. and НССІ.Е, are among the most noteworthy examples. Until relatively recently. these 
compounds were the only ones used as refrigerants in commercial cooling systems. and they 
were also widely used as propellants in aerosol products. Nontoxic and nonflammable, and with 
properties ideally suited to their applications, they scented to be ideal industrial chemicals. Dur- 
ing the 1970s. a number of studies implicated them in the destruction of stratosphene ozone. 
(The ozone layer provides an important shield against harmful ultraviolet solar radiation.) In Ос- 
tober 1978, the United States government banned their use in virtually all but certain medically 
essential aerosol products. In 1987. à number of countries. including me United States. initialed 
the “Montreal Protocol on Substances That Deplete the Ozone Laver” under which industrial 
nations agreed to phase out the production of CFCs, carbon tetrachloride, and certain other sub- 
stances by 2010, As a direct result, the production of CPCs by 1996 had dropped to about 16 
of its pretreaty value. CPCs in existing refrigeration systems are recycled. 

The problem with CFCs stems from their chlorine content. Chlorine atoms are liberated 
from these compounds in upper-atmosphere photodissactation reactions (bond-homotysis re- 
actions mitigated hy light. 


CI T 
| л leht 
Е.С] ——— FC = “( 7] КЕХА. 
= MUN E Tos 
a freon a chlorine 
atom 
A chlorine atom reacts with ozone lo give ClO and Q.: 
‘Cl + O, ж UO: € ©. (8.38h) 


The ClO produced in Eq. 8.35b reacts with oxygen atoms (О) produced in the upper atmos- 
phere by the normal photodissociation of О.; 


SCIO — 0 — tr- Ü, TERT 


[tom 
photedisscoctatton 
ot Oi 
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[n this process, a chlorine atom ts regenerated and is thus available to repeat the eyele. The 
sum of Eqs. 8,35h and 8.35g is 


Ot, — 20. (4. 35d) 


In effect, then, chlorine atoms cefufyre the destruction of ozone; it has been estimated that a 
single chlorine atom can promote the destruction of 10° molecules of ozone, 


The 1995 Nobel Prize 1n Chemistry was given for research into the chemical reactions that lead to the 
destruction of stratospherie ozone. The recipients of the prize were Mario Molina (b. 1433, а chemist 
then al the Massachusetts Institute of Technology: F. Sherwood Rowland tb. 1927), a chemist from 
The University of Cailiformia. Irvine: and Paul Crutzen th. 1933), a meterolosist-chemist from the 
Max-Planck [Institute for Chemistrs in Мата, Germany. 


One solution to this problem is to replace CECs with related compounds that contain no 
chlorine. Indeed. one of the most common replacements for CFCs is the family of hydroftuo- 
rocarbons (APCs) such as [. T. 1.2.2-pentalluoroethane (CF;CHF.).. Although this class of 
compounds ts less harmful to the ozone layer, HFCs nevertheless have adverse effects ах 
greenhouse gases and ultimately exacerbate global warming. 

sone potent and etlective insecticides are organohalogen compounds, 


C] - 


E C] cl [1 
"m | = l H 
í; C С] 
\ PEN > , 
Col Cl | 
АЕ. 
Cl 
DDT 
chlordane 


DDT was tirst synthesized in 1873. but it was introduced in 1939 as a pesticide by Paul Müller 
(1899-1965), а Swiss chemist at the Laboratorium der Farben-Fabriken J.R. Geigy AG.. 
Basel, So effective was this insecticide that it was viewed for about 23 years as a savior of hu- 
mankind. (For example, it virtually eliminated malaria in many areas of the world, including 
parts of the southern United States.) Müller received the Nobel Prize Physiology or Medicine 
In 194%, Unfortunately. DDT. chlordane, and a number of ether chlorinated hroad-spectrum 
insecticides were subsequently found to accumulate in the fatty tissues of birds and fish. to be 
passed up the food chain, and lo have harmful physiological effects. Hence, their use has been 
hanned or severely curtatled, 

The conflict between the use of chemistry to improve humanity's living conditions and the 
generation of new problems caused by the release of chemicals into the environment finds real 
focus 1n the controversies surrounding the use of many organohalogen compounds. The great 
promise and public optimism that chemistry otfered following World War I] has given way to 
à public skeplicism—or, al leas, a period of public reflection and debate—as an increasing 
number of problems related ta synthetic chemicals have surfaced. Is commercial organic 
chemistry in the end to be nothing but a Pandora's box of problems’? Perhaps a more realistic 
view Is that few if any human technological endeavors are without risk, and chemistry is no 
exception, Fach new generation of useful organic chemicals—whether they be pharmaceuti- 
cals. refrigerants. or insecucides—will likely bring with their benefits some new problems. 
These problems will provide a grea? research opportunity for chemists of the future who will 
take up the challenge of using their knowledge to improve further the benefits and to reduce or 
eliminate the problems. 


368 


CHAPTER 8 = INTRODUCTION TO ALKYL HALIDES, ALCOHOLS, ETHERS, THIGLS, AND SULFIDES 


A Nineteenth-Century Ball Ended by an Alkyl Halide Reaction 


Perhaps the first recorded instance of an adverse environmental effect caused by alkyl halides 
occurred during the reign of Charles X of France. The French chemist Jean-Baptiste André Dumas 
(1800-1884) was asked to investigate something unusual that occurred during a ball given at the 
Tuileries. The candles used at the ball had sputtered and had given off noxious fumes, driving the 
guests from the ballroom. Dumas found that the beeswax used to make the candles had been 
bleached with chlorine gas. (Beeswax contains large numbers of double bonds. What reaction with 
chlorine took place?) The heat from the candle flame caused the chlorinated beeswax to 
decompose, liberating НСІ gas—the noxious fumes. 


Production and Use of Alcohols and Ethers 


Ethanol A number of alcohols are important in commeree. None. however, has heen at- 
fecled by recent events as dramatically as ethanol. fn 1980, the CS. production of ethanol was 
175 million gallons. Much of i was made industrially by the hydration of ethylene (Sec. 
4.98. which in turn comes trom petroleum (Sec. 5%}. 


" 3 - 1H, PC a . 
Il C—CH: + НОН ———-  CHiCH;OH (8,36) 
ethylene ethanal 


Ethanol obtined. from this reaction. culled 95*e ethanol is 95.6 mass percent pure: the 
remainder is water, Anhydrous ethanol. or aPaefute стано is obtained bs Further drying. 

[n recent vears. the U. S. production of ethanol has climbed rapidly. reaching more than 4 
billion. gallons in 2006 and [kel to chimb sigmfecantly higher Most ol this ethanol 1s pro- 
duced in the L.S. by fermentation of the sugars in. grain. In 2005. the world produettion af 
ethanol was 12.2 bullion gallons, with the L.S. and Brazil providing about one-third each of 
this total. and Ching about 85e. (Brazil. where plants that produce fermentable sugars eres 
rapidly, has long operated on an ethanol-based tuel economs.] The increase m ethanol produe- 
tion in the United States has been drien bs the demand tor motor fuels that are nob derived 
from hydrocarbons, by the phaseout meths | zeri buts | ether  KTTBE? and its replacement bx 
сало as the main oxygen-contaiming component af gasoline. and by the notion that the use 
of ethanol and other plant-derived fuels will reduce the amount of CO. released mto the at 
mosphere. (See the sidebar on p. 36891. 

The relati els small amount of ethanol not used for [uel is Used as a starting material for the 
preparation of other compounds and as a solvent for inks, fragrances. and the like, Chemically 
pure ethanol is subject to Gght federal controls to ensure thal it will not be used in beverages, 
In many cases the ethanol used in solvent applications 18 deimitired аселе? which ts ethanol 
made unfit for human consumption by the addition ef certain toxie additives such os methanol. 

Beverage aüleohol is produced by the fermentation of mall, buries, erape [исе carn mash, 
or other sources of natural «ugar. Beverage alcohol is not isolated: rather. асова beverages 
are the mixtures of ethanol, water, amd the natural colors and favorings produced in the ter- 
mentation process and purified by sedimentation (as in wine) or distillation fas in brands or 
мА. Industrial alcohol cannot be used legally to alter the aleoholie composition ot bei - 
ган. 

Ethanol is a drug, and, like many useful drugs, ts toxte when consumed in excess. Ethanol 
iS the most abused drug in the world, 
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Global Warming and Biofuels 


Global warming, caused by a rapid increase in atmospheric CO, levels, was discussed in Sec. 2.7. The 
increase in CO, levels has resulted from the combustion of fossil fuels—oil, coal, and natural gas. The 
environmental impact of fossil fuels and the political instability of many of the world's oil-producing 
regions have conspired to make the development of alternative fuels increasingly urgent. Ideally, 
the goal is to produce cheap and abundant fuels that will not, on combustion, increase the net CO, 
content of the atmosphere. For this reason, fuels derived from plants (biomass), termed generally 
biofuels, are attractive. Plants are composed largely of cellulose, the single most abundant com- 
pound on the face of the earth, and cellulose is a polymer of glucose, which in turn can be fermented 
to ethanol. When plants produce glucose in its various forms, they remove CO, from the atmos- 
phere, The energy for the plant synthesis of glucose comes from the sun through photosynthesis. If 
we add the equations for the photosynthesis of glucose, the fermentation of glucose to ethanol, and 
the combustion of ethanol as a fuel, the result is no net change in atmospheric CO: 


ligh 
6CO, + 6H,O — "> CHuOs +60, (biosynthesis of glucose, CgH;20¢) 


Сен Ов ——  2C,H50H + 2CO, (anaerobic fermentation) 
2C,H;OH + 60, —— 4CO, + 6H;0 (combustion of ethanol) 


Sum: No Net Change (8.37) 


This simple picture does not take into account the energy required to produce and transport the 
cellulosic products, run the fermentors, and deliver the ethanol-containing products to the end 
users. Accordingly, the net energy gain from the use of various biofuels has been a matter of debate. 

Although glucose fermentation to ethanol has a prominent place in the discussion of biofuels, 
other fuel sources, such as biodiesel from plant oils and methane from fermentation of waste prod- 
ucts (Fig. 2.14, p. 80), also figure into the considerations of alternative fuels. However, all of these fuels 
ultimately come from plants and thus depend on photosynthesis. It is interesting to think of photo- 
synthesis in the context of solar energy as a power source, which has also been of considerable in- 
terest. Photosynthesis harnessed to produce cellulose is nature's solar-energy collection and storage 
mechanism. 

Putting the carbon cycle of Eq. 8.37 into practice requires decisions on which fuels to use and 
what plants are to be their major sources, These issues are fraught with huge political and economic 
ramifications. For example, the diversion of grain to ethanol production can have a major impact on 
the cost of food as producers who raise poultry and beef on feed grain see their feed costs rise dra- 
matically and are forced to pass this on to the consumer. If all the corn grown in the United States 
were diverted to fuel, only 12% of the U.S. energy needs would be met. Hence, finding other sources 
of fermentable cellulose, such as silage, waste products from wood, and grasses is essential if ethanol 
is to become a major fuel source. 

The problem of energy is one of the greatest challenges ever to face the human race. Cheap and 
abundant energy—and ways to store it—will make possible realistic solutions to many of the 
world's problems, such as poverty, the scarcity of food, and inadequate shelter. Increasingly expen- 
sive and scarce energy will lead to wars over limited resources and to environmental disaster. Biofu- 
els will undoubtedly be only a part of the solution to the energy problem, but they will probably fill 
an important niche in the ultimate solution. Although it is tempting to be discouraged by the vast 
scale of this problem, it is encouraging to realize that immense opportunities undoubtedly await the 
scientifically trained citizens who can think in new, creative ways about the solutions. 
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Methanol and Methyl tert-Butyl Ether Methanol is formed irem a mixture of carbon 
monoxide and hydrogen, called synthesis gas, at high temperature over special catalysts, 


IMP HH i 


CO — HH. — СДА {К АМ! 
7 tore abaly - 
а BU. pt atm 
synthesis gas methanol 


Synthesis gas comes from the partial oxidation of methane, which is. in turn. derived from the 
cracking of hydrocarbons (See. 5.81 or from the gasitivation of coal As oil supplies dwindle. 
coal wil] assume mcreasing importance as a fossil fuel and could become a mayor source for 
methane. Methane produced by fermentation of biological waste can also provide a link for 
methyl alcohol production ta biofuels. 

In 2005. 10.7 billion gallons of methanol was produced globally, and 0.7 bilhon gallons 
was produced in the United States. [Important uses of methanol include its oxidation to 
formaldehyde (H.C —O and its reaction with carbon monoxide over special catalysts to give 
acetic acid (CH COH. 

In the 19905, methanol became an important compound in the fight against urban automo- 
tive air pollution. Prior to 1990, efforts to control automotive air pollution were focused on the 
automobile isell thus the "catalytic converter? In. 1990, a new strategy for reducing auto- 
motive air pollution was mandated by the Clean Air Act amendments: to add chemicals tad- 
ditives^) to gusoline itself. Chief among these additives were the so-called "oxygenates;" and 
the two most important of these were ethanol and meth, | fert-buty] ether (MTBE). Methanol 
Is one of the two starting materials in the industrial s nthesis of MTBE. 


HC OCH, 
А я - Нм, - i , 
К ~ CH;OH НСС, (8.39) 
ER methanol CH; 
2-methylpropene methyl tert-butyl ether 
(MTBE} 


The use of MTBE tn gasoline significantly reduced urban air pollution from automobile ex- 
hausts. li rapidly became one of the top ten industrial organic chemicals, and it took methanol 
along for the ride. New methanol plants were built to feed the demand for MTBI:. Then trou- 
ble started tor MTBE. [t was found in groundwater in California and Maine, and the source of 
the chemical was leakage from underground storage tanks. An advisory panel of the Environ- 
mental Protection Agences recommended in August 1999 that Congress move to reduce sub- 
stantially the use of MTBE in gasoline. A controversy developed about whether MTBE should 
be banned.ebut California mandated a phaseout bs. 2002, Mans other states followed suit, and 
it appears that MTBE will be completely phased out as a gasoline additive, leaving ethanol as 
the sole oxygenate used in gasoline. Ethanol producers are happy with this turn of events, bul 
methanol producers were left with excess capacity. Methanol production in the U.S. has de- 
creased by almost seven-fold in the last eight years, About 20% of the methanol produced is 
still used to make MTBE. but this use will decrease m importance as MTBE is phased out. 

A bright spot in methanol’s future may be its use tn the production of biodiesel fuel With 
an ogtane rating of 116. methanol itself also has a largely unrealized potential for use as à 
motor fuel. (It has heen used as a fuel in Formula-One racing engines for veurs. } 


Ethylene Oxide and Ethylene Glycol Ethylene oxide. produced by oxidation of ethylene 
over a silver catalyst. is one of the most important Industrial derivatives of ethylene: 
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C 


Ag ау 


SED CHI. Н.С CH; (8.40) 


ethylene ethylene oxide 
The worlds ide annual production of ethylene oxide is about 40 billion pounds: about У billion 


pounds of ethylene oxide is produced annually in the United States. 
The most important single use of ethylene oxide is its reaction with waler to give ethylene 


око: 
T OH OH 
EM | | 
ethylene oxide ethylene glycol 


Ot the world production of ethylene glycol, 53% is used as a starting material Гот polyester 
Hibers and films and 1156 as automotive antifreeze. Of the world ethylene glycol production of 
30.5 billion pounds, about 8 billion pounds is produced annually in the United States. 


D. Safety Hazards of Ethers 


Because Шешу ether and tetrahydrofuran (THF) are so commonly used in the laboratory, it is 
important to appreciate to safety hazards venerally associated with the use of these ethers. 
The first is peroxide formation. On standing in air. ethers undergo autoxidation, the sponta- 
neous oxidation by oxygen in iir. Samples of ethers can accumulate dangerous quantities of 
explosive peroxides and hydroperoxides by autoxidation. 


СНОН O—CHASCHi + О, ж CHi;CHO—CH— CH, — other polymeric (8.42) 
: | peroxides 
diethyl ether (Q—0—H 


a hydroperoxide 


| 


CHCH; O— O—CH.CH, 


diethyf peroxide 


These peroxides can form by free-radical processes in samples of anhydrous diethyl ether, THE, 
und other ethers within [ess than two weeks. For this reason, some ethers are sold with small 
amounts of free-radical inhibitors, which can be removed by distilling the ether. Because perox- 
ides are particularly explosive when heated. if is а good practice not to distill ethers to dryness. 
Peroxides in an ether ean be detected by shaking a portion of the ether with [0% aqueous potas- 
sium todide solution. H peroxides are present, they oxidize the jodide to iodine, whieh imparts 
a yellow tinge to the solution. Small amounts of peroxides can he removed by distillation of the 
ethers from lithium aluminum hydride (LIATH,} which both reduces the peroxides and removes 
contaminating water and alcohols, 

The second ether hazard is the high Rammability of diethyl ether, the ether most commonly 
used in the laboratory. Hs Baimmability ts indicated by its very low flash point of 45 °C. The 
flash point of a material is the minimum temperature al which it is ignited by a small (lame 
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under certain standard conditions. In contrast. the flash point of THF is —14 °C. Compound- 
ing the flammability hazard of diethyl ether is the fact that its vapor is 2.6 times more dense 
than air. This means that vapors of diethyl ether from an open vessel will accumulate in a 
heavier-than-air layer along a laboratory floor or benchtop. For this reason flames can ignite 
diethyl ether vapors that have spread from a remote source. Good safety practice demands that 
open flames or sparks not be permitted anywhere in a laboratory in which diethyl ether i5 in 
active use, Even the spark from an electric switch (such as that on a hot plate) can ignite di- 
ethyl ether vapors. A steam bath is therefore one of the safest ways to heat this ether. 


KEY IDEAS IN CHAPTER 8 


Organic compounds are named by both common and 
substitutive nomenclature. In substitutive nomencla- 
ture, the name is based on the principal group and the 
principal chain. The principal group, specified by prior- 
ity, is cited as a suffix in the name. Other groups are 
cited as substituents. Hydroxy (—OH) and thiol (—5SH) 
groups can be cited as principal groups. Halogens, 
alkoxy (—OR) groups, and alkylthio (—SR) groups are 
always cited as substituents. 


The noncovalent association of molecules in the lig- 
uid state raises their boiling points.Such molecular as- 
sociation can result from hydrogen bonding; attrac- 
tive van der Waals forces, which are greatest for larger, 
more extended molecules; and the interaction of 
dipoles associated with polar molecules. 


Alcohols and thiols are weakly acidic. The conjugate 
bases of alcohols are called alkoxides, or alcoholates; 
and the conjugate bases of thiols are called mercap- 
tides, or thiolates. 


Typical primary alcohols have pK, values near 15-16 
in aqueous solution.The acidity of alcohols in solution 
is reduced (the pK, is increased) by branching near 
the —OH group and increased by electron-withdraw- 
ing substituents. Alkoxides are formed by the reaction 
of alcohols with strong bases such as sodium hydride 
(NaH) or by reaction with alkali metals. 


Typical thiols have pK, values near 10-11. Solutions of 
thiolates can be formed by the reaction of thiols with 
NaOH in alcohol solvents. 


Alcohols, thiols, and ethers are weak Bronsted bases 
and react with strong acids to form positively charged 


т 
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conjugate-acid cations that have negative pK, values. 
The Lewis basicities of ethers account for their forma- 
tion of stable complexes with Lewis acids such as 
boron compounds and Grignard reagents. 


A solvent is classified as protic or aprotic, depending 
on its ability to donate hydrogen bonds; polar or apo- 
lar, depending on the magnitude of its dielectric con- 
stant; and donor or nondonor, depending on its abil- 
ity to act as a Lewis base. 


The solubilities of covalent compounds follow the 
"like-dissolves-like" rule. 


The high dielectric constant of a polar solvent con- 
tributes to the solubility of an ionic compound by re- 
ducing the attractions between oppositely charged 
ions. lonic solubility is also enhanced by donor inter- 
actions, charge-dipole interactions, and hydrogen- 
bonding interactions of an ion with solvent molecules 
in its solvation shell. 


Crown ethers, cryptands, and other ionophores form 
complexes with cations by creating artificial solvation 
shells for them. 


Alkyl halides react with magnesium metal to give 
Grignard reagents; alkyl halides react with lithium to 
yield organolithium reagents. Both types of reagents 
behave as strong Brensted bases and react readily with 
acids, including water and alcohols, to give alkanes. 


Alkanes react with bromine and chlorine in the pres- 
ence of heat or light in free-radical substitution reac- 
tions to give alkyl halides. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 8, in the Study 


8.35 (a) Give the structures of ali alcohols with the molecu- 


8.34 


8.36 


8,37 


8.38 


lar formula C.H,,OH. 

(b) Which of the compounds in part (a) are chiral? 

(c) Name each compound using IUPAC substitutive 
nomenclature. 

(d) Classify each as à primary. secondary, or tertiary al- 
cohol. 


Answer Problem 8.33 for all alcohols with the formula 
C,H,OH. 


Give the IUPAC substitutive name for each of the 
following compounds, which are used as general 


anesthetics, 
(а) Br (by ССН — CF; — OCH 
H—(C EE methoxyflurane 
| 
Cl 
halothane 


Thiols of low molecular mass are known for their ex- 
tremely foul odors. In fact, the following two thiols are 
the active components in the scent of the skunk. Give 
the IUPAC substitutive names for these compounds. 
(a) CH;CH—CHCH.;SH 

(b) (CH,),CHCH,CH,SH 


Without consulting tables, arrange the compounds 
within each of the following sets in order of increasing 
boiling point. and give your reasoning. 

(a) 1-реп!апо!, 2-methyl- 1 -hutanol 

(Б) I -hexanol, 2-pentanol, tert-butyl alcohol 

{с} E-hexanol. I-hexene. |-chloropentane 

(d) diethyl ether, propane. |.2-propanediol 

ter cycloactane, chlorocyelobutane. cyclobutane 


[п each of the following parts. explain why the first 
compound has a higher boiling point than the second, 


despite a lower molecular mass. 


(a) 0) Q 
HC —C=0H "1g 
(bp 118 °С) (bp 77 2С) 
ib) O 0 
P T Wee 
(bp 221 °С) (bp 166 °C) 
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8.40 


8.4] 


6.12 


ADDITIONAL PROBLEMS 373 


Give a structure for each of the following compounds. (in 

some cases, more than one answer is possible.) 

(al a chiral ether С.Н „О that has no double bonds 

(b) a chiral alcohol C,H,O 

{с} a vicinal glycol C,H,,0. that cannot be optically ac- 
live at room temperature 

(d) a diel С.Н „О; that exists in only three stereoiso- 
тегіс forms 

(e) a diol C,H „О, that exists in only two stereoisomeric 
forms 

if) the six epoxides (counting stereoisomers) with the 
molecular formula C HO 


Identify the gas evolved in each of the following 
reactions. 


ia) K + HO —- 


(h) Wa + DO — ы 


ic MgBr OH 


———»- 


HiE—GH—-CHS + НЕ — CH=CH, 
(d) CH:CH-MgBr + HO э 
fe) OH 


Ман + HC—CH—UCEH —— 

Identify the correct compound(s) in each case, Explain 

your choice. 

(a) A compound believed to be either diethyl ether or 
propyl alcohol is miscible in water. 

(b) A compound believed to be either ally! methyl ether 
or propyl alcohol decolorizes a solution of Br, in 
CH.CI.. 

(e) Four stereoisomeric compounds C,H,O, all optically 
active, contain no double bonds and evolve a gas 
when treated with CH,Megl. 

(d) A compound believed to be either eyclohex yl 
methyl! ether or 2-methylcyclohexanol evolves a gas 
when treated with NaH. 


(a) One of the following compounds is an unusual ex- 
ample of a salt that 15 soluble in hydrocarbon sol- 
vents. Which one is it? Explain your choice. 

CH,CH;CH;CH, 
T 


CH;,(CH344— NÉ-CH,CH;CH.CH, Br^ МН, CI- 


CH,CH;CH.CH; 


А Н 
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(b) Which al the Fallos ing would be present in greater 
amount in a hexane solution of the compound in 
part ca separately solvated ions. or ian pairs and 


higher ageregates? Explain sour reasoning. 


In each case. give the structure ef the hydrocarbon thal 

would react with CH. and light to give the indicated 

products. 

(a) C.H. which gives onb one monoechlorination 
product 

(b) C,H. which gives bye and onh (Ae monochlorina- 
tion products. both achiral 


Arrange the campounids within each set im order ot in- 

creasing acidity (decreasing pA a in solution. Explain 

your reasoning, 

(a) props | alcohol, oprop 1 асо, teri butyl сойо]. 
] -prepanethiid 

(b) 2-chloro- 1 -prepanethiol. 2-chlerocthanol. 35-chloro- 
| -propanetihicl 

(e) CH NHL —CH.CH.—4UM I. 
кие, 
ПЕНН -0H 

(d) CH O— CLCH. ОП, 

O—CH.CH, -OIL CHE АЛ -OH 
(e) H Н 


CHACHAOH, АЛЬ ЫН. CHACHLOGELCH, 
+ + 


The pA, of water is 15,7, Titration of an aqueous sohu- 
tion vontaining Cu * ion suggests the presence of à 
S.A. 


Sugeest и srueture for this species. 1 Aime Cut is a 


spectes that acts as a Brensted acid with pA, 
Lewis acid! 


Normally. dibus d ether 1s much more soluble in bhen- 
zene than it i& in water Explain why this ether ean be 
extracted from benzene into walter id the aqueous solu- 


tion contains moderately concentrated nitric acid. 


The dissociation constant А, ol the complex between а 


Crow n ether amd a metal ion M+ is even by 


[том ether 


" [ЗЫ 

i [eroa n ether. М complex | 
Explain whs the comnlex of the crown ether 
[)8]-crown-6 with potasstum ton has à much larger dis- 


босо constant in water than it dows in ether. 


8.48. Show the ty pes ot solvation interactions that might Be 


8.49 


m 


expected when ammonmum chloride is dissolved in 
ethanol. Consider solvation of both the cation and the 


anion. 


Мога structure on p. 334i forms а strong complex 
with the ammonium ion. ЖН, What types of interu- 
lions ure expected between the nonaetin molecule and 
the hound ron’ Contrast these interactions with those 
between nonactin and the hound potassium ion (Fig. 


S.B, p. 3541. 


The ettectiveness of barbilurales as sedatives has heen 
fond to he directly related to their solubility in. and 
thus their ability to penetrate, the lipid bilayers of meni- 
branes. Which of the Following (40 barbiturate deriva- 


tives Should be the more potent sedative? Explain. 


i 

ee eae CREECH. | 
D P " E 

Е ST | _ | ATI 
СС: CCH T 
oa ay y T * 
H n 
barhitai hexethal 


When salad oil tts peat structure shown in big. PSAL 
Is mixed with water and shaken. two layers quickly sep- 
ante. the oily Liver on top and the water laser on the 
bottom. When an egg yolk ca hich is rich in Јеси. а 
phospholipid is added and the misture shaken, an 
emulsin is formed. This means that the ot] is sys- 
pended (not dissolved) in water as tiny particles that no 
longer form a separate layer. Explain the action of the 
lecithin. CAdditien ot romaine leituee. garlic; croutons. 


and Parmesan cheese vields a Caesar saladi} 


Although Grignard reagents аге normally insoluble in 
hydrocarbon solvents, they can be dissolved in such sol- 
vents 1f a dertiary amine (a compound with the seneral 
structure RN) is added. Explain. 


A student. Flick btasktlinger. in his iwelfth ear et 
graduate work, needed to prepare ethylImagnesium 
bromide from eths] bromide and magnesium, but found 
that his faboriory was out of diethyl ether. From his 
sours of accumulated know ledge. he recalled that Orig- 
nard reagents will torm in other ether solvents. He 
therefore attempted to form ethy magnesium bromide in 
the ether С.Н, О CH CHOH and was shocked te 
lind that no Grignard ieagent was present utter several 


hours. stirring. Explain why Flick s reaction fadle. 


8.54 Ethyl alcohol in the solvent ССІ, forms а hydrogen- 5.56 


bonded complex with an equilibrium constant A, = 11. 
2CH.0H ж ©ну0;——-н—0 
Н C-H; 


(a) What happens to the concentration of the complex as 
the concentration of ethanol is increased? Explain. 

(b) What is the standard free-energy change for this 
reaction at 25 "C? 

(c) I one mole of ethanol is dissolved in one liter of 
CCl, what are the concentrations of free ethanol 
and of complex? 

(di The equilibrium constant for the analogous reaction 
of ethanethiol is 0.004. Which forms stronger hy- 
drogen bonds, thiols or aleohols? 

(e) Which would be more soluble in water: 
CH;,OCH;CH,SH or its isomer CH,SCH,CH,OH? 
Explain. 


8.58 


x 
un 
un 


ta) The bromination of 2-methylpropane (isobutane) in 
the presence of light could give two monobromina- 
lion products: give their structures. 

(р) In fact, the products consist of more than 996 of 
one compound and less than 1% of the other. Write 
the mechanism for the formation of each compound, 
and use what you know about the stabilities of free 
radicals to predict which compound should be the 
major one formed. 


O 
| 

° Сн; o—G—R 
[—C—O-—CH O 


Figure P8.51 
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When sec-butylbenzene undergoes free-radical bromi- 
nation, one major product is formed, as shown in Fig. 
P8.56. 

If the starting material 1s optically active, 
predict whether the substitution product should also be 
optically active. (Hit: Consider the geometry of the 
free-radical intermediate; see Fig. 5.3 on p. 210.) 


Three alkyl halides, each with the formula C;,H,.Br. 
have different boiling points. One of the compounds is 
optically active. Following reaction with Mg in ether. 
then with water, each compound gives 2,4-dimethylpen- 
tane. After the same reaction with D-O, a different 
product 1s obtained from each compound. Suggest a 
structure for each of the three alkyl halides. 


Give the products of the following reaction and their 
stereochemistry. (Hint: Use what you know about the 
reaction of organometallic compounds with Bronsted 
acids: assume this reaction occurs with retention of 


configuration.) 


o 
CH,CH; — CH,CH, TD MÁS 
N — Bol, “acetic acid 
C= 
H N 
D D 


typical structure of an oil 
(В has 15—17 carbons in an unbranched chain 
and contains one or more cis double bonds} 


H 
| ao = light 
Ph—C—CH,CH, + Br, 

| 

CH, 


sec-butylbenzene 


Figure P8.56 


Br 
Ph—C—CH;CH; + HEr 
CH, 


(1-bromo-|-methylpropyl benzene 


376 CHAPTER 8 * INTRODUCTION TG ALKYI HALIDES, ALCOHOLS, ETHERS. THIOLS, AND SULFIDES 


8,58. Offer an explanation for euch et the following iba Which one of the following compounds contains the 
observations, ereater inoun of eauche confermatien Tor internal 
(a) Compound A exists mosti imn a chair conformation rotation about the bond shes n" Explain. 
with an equator — OL group. hut compound ZZ n F 
prefers a chair conformation with an axial — OH CILCH af CX TI CTT Ctl Aperen. 
eraup. 
;| i 
gM ( WII 
| ч 8.62. Gie a mechanism fer each ol the follow ing reactions. 
d L) 


which take place in several steps. Use the лита атм 
| T mation, Lose only Lewis acid fuse assertions. Lows 


о | дє hase dissociations, amd Brensted asid base reus- 

(ht The racemate of 2:3 5,5-terrametli F3: 4- hex anediol АРАШ К MEM | 
tms 1n your mechanism. and write ege ТИШЛИ 

Iss WITH i strong ntramoleculr hydrogen bond, ~ | 
li ГА B E. Мер, Меп Bronsted bases, nucleophiles, elec- 
hut Hie meso метот Das no uitramcdeeulur ТТ е 
гере. and leasing groups dit ans rin each step. 


hsdrosen bond. | . : 
Sdrogen bon (Айни: Sev Eq. 8.20 on p. 300.1 


NOE дарау thatthe dipole moment of FE4-dioxane (Scc. (a) qe l. 
8.I€ | е h ^en if the molecule exists solels in 3CEEOH = ВГ. — cu B "OT F 
a chair conformation. | 
(hy Aecount for the fact that the dipole moment of 1,4- AX LE, 
doane, although small. as delindely not sere. (It 1s 
E" +u "+ Н 11 T . "+ 
038 [D Che GO a BOCED 9m KONE + 3CHEOlI 
| | | trimethyl horic 
8.5] (a) Use the relative bond lengths of the С—С borate acid 


and C—O bonds to predict ss hieh of the follow tng 
Iwo equilibria Bes farther ta ihe right. (That is. pre- 
dict whieh ab the pio compounds contains more of 
te confermatien with the axial methyl group. i 

(|1 CIL, 


Áo у 


T 
pier Lp m A 


The Chemistry of 
Alkyl Halides 


This chapter covers two very important types of alkyl halide reactions: nucleophilic substitu- 
tion reactions and B-elimination reactions. These are among the most common and important 
reactions In organic chemistry. This chapter also introduces another class of reactive interme- 
diate: carbenes. 

If you read Sec. &.9В, you understand that alkyl halides rarely occur in biological systems. 
[ you are a life-science or premedical student. vou might wonder why you should bother 
learning about the chemistry of compounds that you are not likely to encounter in biology. The 
reason is that much of our quantitative data and current understanding of reactivity comes 
from studies on alkyl halides. Moreover, the chemistry of alkyl halides demonstrates in a 
straightforward way the types of reactivity and mechanism that we'll encounter in more com- 
plex molecules, including those that occur in biological systems. Think of a musical theme 
and variations: alkyl halide chemistry provides the theme, and the chemistry of alcohols. 
ethers. and amines will provide the variations. In other words, alkyl halides provide simple 
models from which we understand the chemistry of other compound classes. These same con- 
siderations are equally valid for the chemistry major: furthermore, aikyl halides are important 
starting materials used in a wide variety of reactions. 


AN OVERVIEW OF NUCLEOPHILIC SUBSTITUTION 


AND £-ELIMINATION REACTIONS 


A. Nucleophilic Substitution Reactions 
When a methyl halide or a primary alkvl halide reacts with a Lewis base, such as sodium 
ethoxide, a reaction occurs in which the Lewis base replaces the halogen, which is expelled as 
halide ton. 
Nat CH,CH.Q:- + :Br—CH,CH, ——> CH,CH;O—CH;CH,; +  Nat:Br^ (9.1) 
sodium ethoxide ethyl bromide diethyl ether sodium bromide 
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This is an example of à very general type of reaction, called a nucleophilic substitution re- 
action, or nucleophilic displacement reaction. In the simplest type of nucleophilic substitu- 
tion reaction. a Lewis base, acting as a mrcdeoplile, donates an electron pair lo an electropiiide 
Lo displace a leaving group. 
leaving group 
( ‘Br: 
Nat CH« ELO. x H;CH, — CH,CH,O—CH3CH, - Nat tBr:- LER 
; | " 


nucleophile electrophik 


(You should review these terms in See. 2.413 1 necessars) In this chapter, the eleetrophile will 
typically be a carbon and the leaving group will typically be a halide ion. As you've already 
seen. however, there are many examples of nucleophile substitution reactions that involve 
other electrophiles and leaving groups. 

Although many nucleophiles are anions, others are uncharged. The following equation 
contains an example of an uncharged nucleophile. In addition, it illustrates an Anrramiolecular 
substitution Peaction—a reaction 1n which the nucleophile and the leaving group are part or 
the same molecule. [n this cause, the nucleophilic substitution reaction causes a ring to form. 


leaving 


Cl, group CH; 

к TN "d i 
H-t CH, | Н.С CH. 

| | } \ / а 

(CHN -CH,—-Cl: ж ME x CH; i cg (9.3) 

А N | 7 A 5s 

| | 

nucleophile new bond 


Nucleaphilic substitution. reactions. сап involve. many different nucleophiles. a [ew 
of which are listed in Table 9.1. Notice from ihis table that nucleophilte substitution reactions 
can he used to transform alkyl] halides into a wide variety of other tunctional groups. Wel] dis- 
cuss nucleophilic substitution reactions in more detail in Sees. 9.4 and 9.6. 


PROBLEM | TNT 
9.1 What is the expected nucleophilic substitution product when 


(a) methyl iodide reacts with Na^ CH,CH,CH,CH,S~? 
(b) ethyl iodide reacts with ammonia? 


B. p-Elimination Reactions 


When a tertiary alkyl halide reacts with a Bronsted base such as sodium ethoxide. à very dif- 
ferent type of reaction is observed. 


br CH, 


/ 
Nat C,H40O7 + НСС СН, me CLHERO—H - ie + Nat Bro TUE 
| 
sodium ethoxide CH, ethanol CE, sodium 
| bromide 


tert-butyl bromide 2-methylpropene 
(isobublenc) 
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= ШЙ some Nucleophilic Substitution Reactions 


(X = halogen or other leaving group; R, RF = alkyl groups) 


R—X: + Nucleophile (name) —- d + Product (name) 
R—K: +:¥:- (another halide} — NC" R—Y: (another alkyl halide) 
+ “C=N: (cyanide) » + R— CN: dnitrile] 
+ ÖH (hydroxide) —x + R—OH (alcohol) 
+ “ÖR (alkoxide) —— t R—O—R’ (ether) 
+M, (адде = N=N=N3) —- + B—M, {alkyl azide) 
+ SR (alkanethiolate) — + R—S—R' (thioether or sulfide) 
+ OH; (water) R—O—H tXr == R—0O-—H + HX: 
H lalcahol} 
f E А н A 
T:O—R' (alcohol) =, R—O—R :X^ а R—0O-—R' + HX: 
H | {ether} 


This is an example of an elimination reaction: a reaction in which two or more groups (in this 
case H and Br) are lost from within the same molecule. We'll discuss the mechanism of this 
reaction m Sec. 9.5A. 

In an alky! halide. the carbon bearing the halogen is often referred to as the a-carbon, and 
the adjacent carbons are referred to as the fj-carbons. Notice in Eq. 9.4 that the halide is lost 
from the a-carbon and a proton from a B-carbon, 


JH CH; 
O NB ME 
bromide ion а inc 
and a B-proton | 
are lost " Br 


An elimination that involves loss of two groups from adjacent carbons is called а 
p-elimination. This is the most common type of elimination reaction in organic chemistry. 
Notice that a B-elimination reaction is conceptually the reverse of an addition to an alkene. 

Strong bases promote the B-elimination reactions of alkyl halides. Among the most fre- 
quently used bases are alkoxides, such as sodium ethoxide (Na* C,H,O" ) and potassium tert- 
butoxide (K* (CH4),C—O ). Often the conjugate-acid alcohols of these bases are used as 
solvents. For example, just as СОН is used as a solution in its conjugate acid water, sodium 
ethoxide is frequently used as a solution in ethanol, and potassium fert-butoxide in tert-butyl 
alcohol. 

If the reacting alkyl halide has more than one type of B-hydrogen atom, then more than one 
B-elimination reaction are possible. When these different reactions occur at comparable rates, 
more than one alkene product are formed, as in the following example. 
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(hg 
CIT — Cs 


IC —€C€— Br 


Cll: 


a 


н кы ш Н 


[ КАКЕ 
CHCH: A&H: 
~ He 
ICE - | O Nat Br" + CELON (5i 
7 { 
` A OON, 
CH, HC CH. 
Irem loss od trom loss olt 
à hydrogen fut à hydrogen if 


PROBLEM | | : PEE. . 
-— 92 What product(s) are expected in the ethoxide-promoted 6-elimination reaction of each of the 


following compounds? 
(a) 2-bromo-2,3-dimethylbutane (b) I-chloro-1-methylceyclohexane 


C. Competition between Nucleophilic Substitution 
and p-Elimination Reactions 
In the presence ol a strong Lewis base such as ethoxide. the nucleophile substitution reaction 
is a ivpical one for primary alks | halides. and a B-elimination reaction (s observed for tertiary 
alkyl halides. What about secondary aks | halides? A (s pical secondary alkyl halde under the 
Sume conditions undergaes both reactions, 
-Br cthoxide DECUIT: propenc 
| chiminatien product 
isopropyl bromide ethyl isopropyl ether пни А: 


substitution product 
Аш ЕШ 


in other words. some molecules of the alky] halide undergo substitution. while others undergo 
elimination, This means that the two reactions occur at comparable rares in other words, the 
reactions ane p cempertieon, In fact. nucleophilic subsiitution and base-promoted B-elimination 
reactions are in competition for aff alkl halides wiih g-hydrogens, even primary and tertiary 
halides. It happens that in rhe presence of a strong Bronsted base. nucleophilic substitution 18 ü 
faster reaction (Uw ins the campetto ) fer miany primar alks I halides. and in most cases f- 
elimination is à Faster reaction Гот tertiary. halides: that is why substitution predominates in the 
former eise and elimination in the latter. However. under some conditions, the results of the 
competition can be changed. For example, we can sometimes find conditions under which 
some primary alkyl halides eive mostly elimination products. 

In the following sections; we И focus first on nücleophilie subsututon reactions, then on g- 
elimination reactions, We ]l discuss the Factors thar govern the reactivities oF alkyl halides in 
each of these reaction types, Although each (s pe of reaction is considered in isolation, keep in 
mind that substitutions and eliminations are always im eompetiton, 


PROBLEM - —— » | — 
9.3 What substitution and elimination products cif any imight be obtained when each of the Follow- 


ing alkyl halides 1 treated with sodium methoxide in methanol? 
(а) 2-bromohutane th} methyl iodide 
(€) trans-1-bromo-3-melhvicvelohesane (d) (bromomethylicyclopentane 
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EQUILIBRIA IN NUCLEOPHILIC SUBSTITUTION REACTIONS 


Table 9.1 ip. 379) shows some of the mans possible nucleophilic substitution reactions. How 
dao we know whether the equilibrium fora given substitution is favorable? This problem is il- 
lustrated by the reaction of a eyanide ion with methyl] iodide. which has an equilibrium con- 
stant that Fasors the produet acetonitrile by mans. powers of 10. 


L3 — 3. + Ha: — i: e [LOG—0C-—N: - DNE 


acetonitrile 


Other substitution reactions. however. are reversible or even unfavorable. 


T + ПВ ae SECT Bri TES 


о + HAC OH — Н 18 + TOH does not proceed to the right! 49.9) 


Results such as these сап be predicted hy recognizing that each nucleophilic substitution re- 
action Is conveptually similar to а Bronsted acid-base reaction; Thal is. if the alkyl group of the 
alkyl balde os replaced. with a hydrogen, the substitution. reaction becomes ап acid-base 
reaction, 


(|. BH | — H — 0l] + |7 substitution reactions MTEF 


“OLL + НІ — H OH PO таті рахе reaction i CO TTY 


In the nucleophilic substitution reaction, OH, which acts as a nucleophile. displaces the 17 
leaving group [rom the cerbon electrophile. In the Bronsted acid. base reaction; OH, which 
acts us a. Bronsted base, disphices the TO hening group trom the proton electrophile. (This 
same analysis was introduced in Sec. 3.4 B.: What nies this comparison especially useful is 
Шш A eun Be nsed te predict whether the eguilibrium in ihe nucleophilic sibstitittion is favor- 
айе, Todo this, we determine whether the equilibrium for the Bronsted acid-base reaction ts 
favorable using the method deseribed in Sec, 34E. Thus. i the Bronsted acid-base reaction 


HNX YS жч” — Y —H 5 x (9.1221 


strongly favors the right side of the equation, then the analogous nucleophilic substitution re- 
action 


П—Х tS. шж” Plea (9. | 2b) 


likewise favors the right side of the equation. This means thal rre eqiiibriun in апу nucle- 
орі substilion кейсин. as o an achi base reaction, fuvers release of the weaker base, 
This principle, for example, shows why 17 wil o£ displace СОН from CH,OH in Eq. 9.9: 17 
I à much weaker base than OH (Table 3.13. [In fact. the reverse reaction occurs; OH read- 
Их displaces 1 from CHI. This example illustrates how the ucid base principles discussed m 
Chapter 3 can prove very useful in understanding nucleophilic substitution reactions. 


The correspemdenee beiween equilibrium constants For талер substtiation reactors amd Bren- 
Sted avid- base reactions is not quantitatively exact because Ihe electrophiles aren't the same (carbon 
versus Пу гово. [n addition, the p& | values used to predict the equilibrium constants for аск рахо 
reiections are determined in water. whereas solvents ether than water are often used fer nucleophilie 
substitution reactions, Nevertheless. when the hascity difference between the nucleophile amd the 
leas imet groupe is karge tas И will he in most alks] halide reactions) we can be confident that our pre- 
dietions about equilibri in nuetieophilie substitiition reuctiens will be qualitatis els correct. 
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Some equilibria that are. not too unfavorable сап be driven to completion. by applying 
Le Chatelier’s principle (Sec. 3.98. p. 17113. For example. alks I chlorides normally do not 
react to completion with todide ion because iodide is à weaker base than chliberide: the equilib- 
rium favors the formation of the weaker base. Iodide, However, in the solvent acetone. it hap- 
pens that potassium iodide is relatively soluble and potassium chloride is relatively insoluble. 
Thus, when an alky] chloride reacts with KI in acetone; KC? precipitates, ind the equilibrium 
compensates for the loss of KC] by forming more ol it. along with more АКУ odide. 


R—U] + Kl ж К 1 + KCl (precipitates: (9.131 


WL 


ERVELEM 9.4 Tell whether each of the following reactions favors reactants or products at equilibrium. { As- 
sume that all reactants and products are soluble.) 


(азса Е —— CHF GI 

(D CESCI--I- — CHI + ЄС 

(c) CH;Cl + N7 — CHN; + Cl” (Hint: the pK, of HN; is 4.72.) 
(d)CH4Cl + "ОСН, = СОСН; + Cl^ 


REACTION RATES 


The previous section showed how to determine whether the equilibrium for à nuckeophilic sub- 
stitution reaction Is Favorable. Knowledge ot the equilibrium constant for a reaction provides no 
information about the rate at which the reaction takes place (See. 48А]. Although some substi- 
tution reactions with favorable equilibria proceed rapidly. others proceed slowly. For example. 
the reaction of methyl iodide with cyanide ts a relatively Fast reaction. whereas the reaction of 
cyanide with neopenty] iodide is so slow that itis virtually useless: 


HSN: + Cei — EC CSN: rp TART 


methyl iodide 


(reacts rapidly) 


~ i 
UCREN: + iai а: — > алаа + 1027 9.15) 
ЄН, CH; 


neopentyl iodide 


reacts verv slowly) 


Why do reactions that are so similar conceptually differ so drastically in their rates? In other 
words, what determines the reactivity ofa given ША | halide im a nucleophilic substitution re- 
action? Because uiis question deals wath reaction rates and the concept of the transition state, 
vou should review the introduction to reaetron rates and transition-state theory in Sec. 4.8. 


A. Definition of Reaction Rate 


The term rere implies that something ts changing with time. For example. in the rate of travel. 
or the veloci, ob a car. the cars position 18 the “something that is changing. 
change Im position 


velocity — u = | mE БА 
corresponding change in ume 
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The quantities that change with time m a chemical reaction are the concentrations. of the 
rears апе products. 
change in product concentration 


redelion rate. — ha Win a af aca TOT SER pL 
corresponding change in tme 


change tn reactant concentration 
= =n uh} 
corresponding change in time 
(The signs in Eqs. 9.17a and 9.17b differ because the concentrations of the reactants decrease 
with time, and the concentrations of the products increase.) 

[n physics. a rate has the dimensions of length per unit time, such as meters per second. A 
reaction rate, by analogy, has the dimensions of concentration per unit time, When the concen- 
tration uni is the mole per Iter CM 1, and if time is measured in seconds. then the unit of reac- 
ton rale is 

concentration — mol 17. 


: M у (9.13) 
Lime ^ 


The Rate Law 


For molecules to react with one another, they must “get together" or collide. Beeause mole- 
cules at high concentration are more likely to collide than molecules at low concentration. the 
rate of a reaction is а function of the concentrations of the reactants. The mathematical stale- 
ment of how a reaction rate depends on concentration is called the rate law, à rate law 15 de- 
termined experimentally bs. varying the concentration of each reactant including any calil- 
|y sis; independently and measuring the resulting effect on the rate. Each reaction Ras its own 
characteristic rale Там. For example. suppose that For the reaction А + B — C the reaction 
rate doubles if either [A] or [B ] is doubled and increases by a factor of four il Ре PA and [E] 
are doubled. The rate law for this reaction is then 


rate = ALAISI] iU, [9] 


lf in another reaction D + & ж F. the rate doubles only id the concentration of D is dou- 
bled. and changing the concentration of E has no effect. the rate law is then 


rate = КА] (Ч.О, 


The concentrations in the rate law are the concentrations of reactants at any time during the re- 
action, and the rate is the velocity of the reaction at that same time. The constant of propor- 
tionality. &. is called the rate constant. In general, the rate constant is different for every reac- 
поп, and iis a indumenta physical consiant Tor a given reaction under particular conditions 
of temperature, pressure, solvent, and so on. As Eqs. 9,19 and 9.20 show, the rate constant is 
numerically equal to the rate of the reaction when all reactants are present under the standard 
conditions of | M concentration, Fhe rates of vo reactions are compared by comparing their 
"ule comunis, 

An important aspect of a reaction is its Алене order. The overall kinetic order for a 
reaction is the sum of the powers of all the concentrations in the rale law. For a reaction 
described by the rate law in Eg. 9.19. the overall kinetic order is бло: the reaction described by 
this rate law Es said to be a second-order reaction. The overall kinetic order of a reaction Rav- 
ing the rate law in Eq. 9.30 is one: such a reaction is thus a first-order reaction. The kinetic 
order in each reactant is the power to which its concentration 18 raised in the rate hoy, Thus, 
the reaction deseribed by the rate law in Ey. 9.19 is sald to be first order in each reactant A re- 
action with the rate law in Eq. 9.20 is first order in Р and zero order in £. 
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6 


Further Exploration 9.1 
Reaction Rates 


4 


Further Exploration 9.2 
Absolute Rate Theory 


The units of the rate constant depend on the kinetic order of the reaction. With concentra- 
tions in moles per liter, and time in seconds, the rate of any reaction has the units of M s7! (see 
Eq. 9.18). For a second-order reaction, then, dimensional consistency requires that the rate 
constant have the units of МТ s^. 


il 


rate 


KAT] 


Ми өз! 


Ms'=M"'s"' М М 


Similarly, the rate constant for a first-order reaction has units оѓ, 


Relationship of the Rate Constant to the Standard 
Free Energy of Activation 


According to transition-state theory. which was discussed in Sec, 4.8, the standard free energy 
of activation, or energy barrier, determines the rate of a reaction under standard conditions. In 
Sec. 9.3B we showed that the rate constant is numerically equal to the reaction rate under stan- 
dard conditions—that is, when the concentrations of all the reactants are | M. It follows, then. 
that the rate constant is related to the standard free energy of activation АС. If AG is large 
for a reaction, the reaction is relatively slow, and the rate constant is small. If АС is small, the 
reaction 15 relatively fast, and the rate constant is large. This relationship is shown in Fig. 9.1. 

Table 9.2 illustrates the quantitative relationship between the rate constant and the standard 
free energy of activation. (For the derivation these numbers, see Further Exploration 9.2.) 
Table 9.2 also translates these numbers into practical terms by giving the time required for the 
completion of a reaction with a given rate constant. This time is approximately 7/4. (This is 
also justified in Further Exploration 9.2.) 

We'll most often be interested in the relative rates of two reactions. That is, we'll be com- 
paring the rate of a reaction to that of a standard reaction. A relative rate is defined as the ratio 
of two rates. The relationship between the relative rate of two reactions А and B under standard 


larger AG^ smaller АС 
slower reaction faster reaction 
smaller k | larger k 


STANDARD FREE ENERGY 


reaction coordinate reaction coordinate 
(a) (b) 
Figure 9.1 Relationship among the standard free energy of activation (AG™), reaction rate, and rate consrant, к. (a) 


А reaction with a larger 4G** has a smaller rate and a smaller rate constant. (b) A reaction with a smaller AG** has 
a larger rate and a larger rate constant. 


PROBLEMS 
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ELA Relationship between Rate Constants, Standard Free Energies of Activation, 
and Reaction Times for First-Order Reactions 


AG 

Rate constant (s ') 

(T = 29B K) Time to completion* kJ mol”! kcal то! ' 
107* 22 years 119 28.4 
107° 83 days 107 25.7 
10^ 20 hours 96.0 23.0 
1077 12 minutes 84.6 20.2 
1 7 seconds 73.2 17,5 
10? 70 milliseconds 61.7 14.8 
10* 700 microseconds 50.4 12.0 
10° 7 microseconds 38,9 93 


5.63 x 10" 0.01 nanosecond 0 б 


*Time required for 99% completion of reaction = 7/k 


conditions (that is, | M in all reactants) and their standard free energies of activation, first pre- 
sented as Eq. 4.334 (p. 160), is given in Eq. 9,22а: 


rate, oF yg 
A = рўз - 464"1/2.3a7 
rate, 


relative rate = (9.222) 


Because the rate constant is numerically equal to the rate under standard conditions, the rela- 
tive rate 15 the ratio of rate constants: 


: k L RM " 
relative rate = = = 1068 ~ A64 1/23 (9.220) 
ky 
or 
| К АС? — АС 
log (relative rate) = log (ia = =E (9.22c) 
| 2.381 


H 


This equation says that each increment of 2.3RT (5.7 kJ mol"! or t.4 kcal то! at 298 K) in 
the АС" difference for two reactions corresponds to а one log unit (that is; 10-fold) factor in 
their relative rate constants. 


9.5 For each of the following reactions, (1) what is the overall kinetic order of the reaction. 
(2) what is the order in each reactant, and (3) what are the dimensions of the rate constant? 
(a) an addition reaction of bromine to an alkene with the rate law 


rate = K[alkene]|[Br.] 
(b) a substitution reaction of an alkyl halide with the rate law 
rate = K[alkyl halide] 


9.6 (a) What is the ratio of rate constants k,/k, at 25 °С for two reactions A and B if the standard 
free energy of activation of reaction A is 14 kJ mol! (3.4 kcal mol~') less than that of re- 
action B? 
(b) What is the difference in the standard free energies of activation at 25 *C of two reactions A 
and B if reaction B is 450 times faster than reaction A? Which reaction has the greater AG”? 
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9.7 What prediction does the rate law in Eq. 9.20 make about how the rate of the reaction changes 
as the reactants D and Ё are converted into F over time? Does the rate increase, decrease. or 
stay the same? Explain. Use your answer to sketch a plot of the concentrations of starting ma- 
terials and products against time. 


THE S,2 REACTION 


A. Rate Law and Mechanism of the S,2 Reaction 


Consider now the nucleophilic substitution reaction. of ethoxtde ion with methyl iodide in 
ethanol at 25 °С, 


C,H;O~ + НС] Perea C,H;O—Cli, - 17 (9,23) 


The following rate law for this reaction was experimentally determined tor this reaction: 
rate = K[CH1][€. HO | (9-24) 


with & 2 600х107 М 71 Тиш is, this is a second-order reaction that is first order in each 
reaviunt. 

The rate law of a reaction Is important because it provides fundamental information about 
the reaction mechanism. Specifically, the concentration terms of the rate law indicate wc! 
«тоту ure present én tie transition state of the rate-diniting step. Henge, the rate-Dimiting tran- 
sition stare of reaction 9.23 consists of the elements of one methyl odide molecule and one 
ethoxide ton. The rate law excludes some mechanisms from consideration. For example. ans 
mechanism in which the rate-limiting step involves two molecules of ethoxide is riled out b 
the rate law. because the rate Там for such a mechanism would have to be second order in 
ethoxide. 

The simplest possible mechanism consistent with the rate Гам is one in which the ethoxide 
ron directly displaces the wide ion from the methyl carbon: 


H 
HEN ME" = | .. " 
C.H: НС. 1 CHO: - C.AEO0O-—ClII; t: (25i 
E i: —' sk. | 1 
ll |I 


transition state 


Mechanisms like this account for many nucleophilie substitution reactions, A mechanism in 
Which eleciron-pair donation by a nucleophile to an atom (usually carbon} displaces a leaving 
group from the same atom in a concerted manner (that 1s, in one step, without reactive inter- 
mediates) ts called an 8,2 mechanism. Reactions that occur by 5, 2 mechanisms are called 
$4.2 reactions. The meaning of the “nickname” 5..2 is as follows: 


S42 


ZEN 


Substitution stmalecular 


nucleaphilic 
(The word несне means that the rate-limiting step of the reaction. involves. tio 
_ р 


species—dn this case, one methyl зое molecule and one ethoxide ton.) Notice that an 542 
reaction, because it 15 concerted, involves no reactive intermediates. 
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ГГ] The rate law does not reveal all of the details of a reaction mechanism. A/though the rate 
law indicates what atoms are present in the rate-limiting step, it provides no information 
Е Seducing" *4 about how they are arranged. Thus, the following two mechanisms for the S42 reaction of 
Mechanisms from ethoxide ion with methyl iodide are equally consistent with the rate law. 
Rate Laws 
CH0: та. Н H 
М У | 
| Аа; Р mos: MT, 75 oe 
D'vH снг Hy iin 
H H 
trontside substitution backside substitution 


As far as the rate law is concerned, either mechanism is acceptable. To decide between these 
two possibilities, other types of experiments are needed (Sec. 9.4C ). 
Let's summarize the relationship between the rate law and the mechanism of à reaction. 


s 


29 BS 


= 


The concentration terms of the rate law indicate what atoms are involved in the rate- 
limiting step. 

Mechanisms that are not consistent with the rate law are ruled out. 

Of the chemically reasonable mechanisms consistent with the rate law, the simplest one 
is provisionally adopted. 

The mechanism of a reaction is modified or refined if required by subsequent experi- 
ments. 


Point (4) may seem disturbing because it means that a mechanism can be changed at a ialer 
time. Perhaps it seems that an “absolutely true" mechanism should exist for every reaction. 
However, a mechanism can never be proved: it can only be disproved. The value of a mecha- 
nism lies not in its absolute truth but rather in its validity as a conceptual framework, or the- 
ory. that generalizes the results of many experiments and predicts the outcome of others. 
Mechanisms allow us to place reactions into categories and thus impose a conceptual order on 
chemical observations. Thus, when someone observes an experimental result different from 
that predicted hy à mechanism, the mechanism must be modified to accommodate both the 
previously known facts and the new facts. The evolution of mechanisms is no different from 
the evolution of science in general. Knowledge is dynamic: theories (mechanisms) predict the 
results of experiments, a test of these theories may lead to new theories, and so on. 


ERES S 9.8 The reaction of acetic acid with ammonia is very rapid and follows the simple rate law shown 


in the following equation. Propose a mechanism that is consistent with this rate law, 


at на -} 
Hec 0 —H + :-NH; EE Нш Су + NH, 
acetic acid 


1 
rate = k[H;C—C—OH][NHsg] 


9.9 What rate law would be expected for the reaction of cyanide ion ( :CN) with ethyl bromide by 


the $,2 mechanism? 
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B. Comparison of the Rates of 5,2 Reactions and 
Bronsted Acid-Base Reactions 


In Sec. 34B, and again in Sec. 9.2, we learned about the close analogs between nucleophilic 
substitution reactions and acid-base reactions; The equilibrium constants for à nucleophilic 
substitureonm reaction and its acid base analog are very similar, and the сигу сатен notations 
lor ап 5,2 reaction and its actd-hase analog are identical. However. t is important lo under- 
stand that their rates are vers diflerent, Most ordinary actid-base reaches occur ТАА 


as Там as the reaching pairs can diffuse together. The rate constants for such reag- 
tions are typically in the 100-10 АТ! гапе. Although many nueleophilie substitution 
reactions occur ab conyenient rates, they are saved shower than the analogous acid-base reac- 
Hons. Thus, the reaction in Eg. 9.3 7a ts completed in a hile eser an hour, but the correspond- 
ing acid-base reaction in Eq. 9.27b occurs within about a brffienth of a second? 


neousty 


Nucleophilic substitution reaction: 


gam == yx 
CELSO)! T Hí = 


>= CH0 ( ros D B ri 
CTEAE uM Н; 1 (Ч.ш ДЫ 


(complete in about an hour) 


Bransted acid-base reaction: 


a 


—— у 


| i ; РЕ zi "a T 
t dE = Wa b C,H;O—H + E pom 


(complete in 107° second) 


This means that if an alka | halide and a Bronsted acid are in competition tor a Bronsted base. 
the Bronsted acid reacts much more rapidly. In other words. fre Breested acid abvays wins. 


| PROBLEMS 
| PROBLEMS | 9.10 Methyl iodide (0.1 M) and hydriodic acid (HI, 0.1 M) are allowed to react in ethanol solution 
with 0.1 M sodium ethoxide. What products are observed? 


9.11 Ethyl bromide (0.1 M) and HBr (0.1 M) are allowed to react in aqueous THF with 1 M sodium 
cyanide (Na* СМ). What products are observed? Are any products formed more rapidly 
than others? Explain. 


C. Stereochemistry of the 5,2 Reaction 


The mechanism of the 542 reaction can he deseribed in more detal bs considering Hs sferee- 
chemistry, The stereochemistry of a substitution reaction can be investigated only if the car- 
bon al which substitution occurs is a stereocenter in both reactants and produets (Sec, 7.9B 
А substitulion reaction can occur al a stereocenter in three stereochemically different was s: 


|. with reteatran of configuration ul the stereocenter; 
2. witb елор configuration at the stereocenter: or 
5. with a combination ol (13 and (25 that is; mixed retention and inversion. 


[| approach of the nucleophile Nugi loan asymmetric carbon and departure of the leaving 
sroup AS occur fram more or less the same direcuon (frantside substitution, then a substitu- 
lion reaction would resull in a product with retention of configuration at the asymmetric 
carbon. 
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12! „= NIC I! . R 

E f^ ` Nue ^ 

&.— N „СА A -Nue IX 19.2831 
R j Roof EN Rf 

R` R' R` 


Era Sa pt Salou 


[n contrast, i approach of the nuecleophbile and loss of the leasing group on an asymmetric car- 
bon occur Irem opposite directions thackside substitution), the other three groups on carbon 
must invert or "urn inside oul. to mintan the tetrahedral bond angle. This mechamsm 
would lead to a product with текин ej eonfrgimatron ab the asmmetrie carbon. 


HL R! R! 
YV Т \ a " | " / 
. Wer CN Nlüpci--(. --iX N Li Cu - CIN 19, 38h 
RDU 5 Es 
і eh 4 \ ` 
R- B R 


[гыт state 


The products of Eqs. 9.282 and &28b are enantiomers, Thus. the wo ty pes ot substitution сап 
he distinguished by subjecting one enantiamer of a crat alks | halide to the 5,2 reaction and 
determining whieh enantiomer of the produet is formed. IE both paths oceur at equal rates. 
then the racemate will be formed. 

What are the experimental results? The reaction of hydroxide jon with 2-bromooctane, i 
chiral ilk! halide. to give 3-octanol is à typical 8,2 reaction. The reaction follows a second- 
order rate law. first order in OH and first order m the alks halide. When (CRi-2-hromooctane 
Is used in the reaction. the produet is (851 2-octanot. 


CH, cil, 
Y Fi 
OI > € — ir » HO €t. + Ве (9 0, 
IM \ H 
ОНА Н.Л. 
(R)-2-bromooctane (Sj-2-octanol 


The stereochemistry of this 842 reaction shows that it proceeds with version of Configuration. 
Thus, the reaction occurs by бен бле sibstittition oF hydroxide ion on the alks] Balide. 

Recall that backside substitution is also observed for the reactien el bromide ton and other 
nucleophiles with the bromonium ion intermediate im the addition ef bromine lo alkenes 
(Sec. 7,90), As vou can now appreciate. that reaction ts also wn 842 reaction. In Fact. version of 
Vereochemical venfiguration is genenallv observed im all 8,2 reactions at carbon stereocenters. 

The stereochemistey ol the S,7 reaction valls to mind the тело ef amines i Pig. 6.1 7. p. 
256. In the hybrid orbital description of both processes. the central atem is Turned "inside 
out" and fn is approximately p -hybridized at the transition Мше. In the transition state for 
пип inversion. the 2p orbital on the nitrogen contams an unshared electron pair. In the tran- 
sition shite For an S42 reaction on carbon, the nucleophile and the leaving group are partially 
honded t opposite lobes el the carbon 3p ог (hig, 9,7. p. 390, 

Wha is backside substitution preferred ithe 8,2 reaction? Phe hs brid orbital deseription of 
the veactien im Fig, 9.2 provides no nformation en this question, but a molecular orbital analy- 
sis Goes, as showa in Fig. 9.3 (p, 39] for the reaction оа саре (Мис: with metis i chlo- 
ride (CH CI. When a nucleophile donates electrons to an alksl halide. the orbital containing 
the donated electron. pair must initials interact АН an maocenpied molecular orbital of the 
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so--hybridized carbon 


3 R2 —* 33 
Sh М R 
R? ~—r 
! а 
rey 
| 120 
і ^^ J 


transition state 


Figure 9.2 Stereochemistry of the 5,2 reaction. The green arrows show how the various groups change position 
during the reaction.(Nuc: = a generat nucleophile.) Notice that the sterachemical configuration of the asymmet- 
ric carbon is inverted by the reaction. 


alkyl halide. The MO of the nucleophile that contains the donated electron pair interacts with 
the unoccupied alkyl halide MO of lowest energy. called the LUMO (for "lowest unoccupied 
molecular orbital”). It happens that all of the bonding MOs of the alkyl halide are occupied: 
therefore, the alkyl halide LUMO is an antibonding MO, which is shown in Fig. 9.3. When 
backside substitution occurs (Fig. 9.3a). bonding overlap of the nucleophile orbital occurs with 
the alkyl halide LUMO; that is, wave peaks overlap. But in frontside substitution (Fig. 9.3b), 
the nucleophile orbital has both bonding and antibonding overlap with the LUMO; the anti- 
bonding overlap (wave peak to wave trough) cancels the bonding overlap, and no net bonding 
can occur. Because only backside substitution gives bonding overlap, this is a/ways the ob- 
served substitution mode. 


| Baers te 9.12 What is the expected substitution product (including its stereochemical configuration) in the 


S42 reaction of potassium iodide in acetone solvent with the following compound? 
(D = ^H = deuterium, an isotope of hydrogen.) 


C 
D 


Effect of Alkyl Halide Structure on the 5,2 Reaction 


One of the most important aspects of the 542 reaction 15 how the reaction rate varies with the 
structure of the alkyl halide. (Recall Eqs. 9.14 and 9.15. p. 382.) If an alkyl halide is very re- 
active, Its S42 reactions occur rapidly under mild conditions. If an alkyl halide is relatively un- 
reactive, then the severity of the reaction conditions (for example, the temperature) must be in- 
creased for the reaction to proceed at a reasonable rate. However. harsh conditions increase the 
likelihood of competing side reactions. Hence, if an alkyl halide is unreactive enough, the re- 
action has no practical value. 

Alkyl halides differ, in some cases by many orders of magnitude, in the rates with which 
they undergo a given 542 reaction. Typical reactivity data are given in Table 9.3. To put these 
data in some perspective: If the reaction of a methyl halide takes about one minute, then the re- 
action of a neopentyl halide under the same conditions takes about 23 vears! 
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methyl chloride methyl chloride 
bonding overlap LUMO (antibonding) LUMO (antibonding) 


bonding overlap 


antibonding overlap 
(a) backside substitution cancels bonding overlap 


Nuc 


ibi frantside substitution 


Figure 9.3 In the 5,2 reaction, the orbital containing the nucleophile electron pair interacts with the unoccu- 
pied molecular orbital of lowest energy (LUMO) in the alkyl halide. (a) Backside substitution leads to bonding 
overlap. (b) Frontside substitution gives both bonding and antibonding overlaps that cancel. Therefore, backside 
substitution 15 always observed. 


B LEE effect of Alkyl Substitution in the Alkyl Halide 
on the Rate of a Typical 5,2 Reaction 


230 


H—Hr + 17 ж 8—1 + Br^ 
acetone 

R— Name of R Relative rate* 
CH,— methyl 145 
Increased alkyl substitution at the H-carbon: 
CH,CH,CH,— propyl 0.82 
(CH,),CHCH,-— isobutyl 0.036 
(CH,},CCH,— neopentyt 0.00001 2 
Increased alkyl substitution at the a-carbon: 
CH,CH,— ethyl 1.0 
(C H.CH— isopropyl 0.0078 
(CHj,C— tert-butyl ~0.0005" 


"All rates are relative to that of ethyl bromide. 
“Estimated fram the rates of closely related reactions. 


The data in Table 9.3 show, first, that increased alkyl substitution at the B-carbon retards 
an 5,2 reaction. As Fig. 9.4 on p. 392 shows, these data are consistent with a backside substi- 
tution mechanism. When a methyl halide undergoes substitution, approach of the nucleophile 
and departure of the leaving group are relatively unrestricted. However, when a neopenty! 
halide reacts with a nucleophile, both the nucleophile and the leaving group experience severe 
van der Waals repulsions with hydrogens of the methyl substituents. These van der Waals 
repulsions raise the energy of the transition state and therefore reduce the reaction rate. This 
is another example of a steric effect. Recall from Sec. 5.6D that a steric effect is any effect on 
a chemical phenomenon (such as a reaction) caused by van der Waals repulsions. Thus, 5,2 
reactions of branched alkyl halides are retarded by a steric effect. Indeed, 5,2 reactions of 
neopentyl halides are so slow that they are not practically useful. 
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‚уап der Waals repulsions , 


(а) Br + CH,—] (b) Bro + {CH4),C—CH,—I 


Figure 9.4 Transition states for 5, 2 reactions. The upper panels show the transition states as ball-and-stick mod- 
els, and the lower panels show them as space-filling models. (a) The reaction of methy! bromide with iodide ion. 
(b) The reaction of neopentyl bromide with iodide ian. The 5,2 reactions of neopentyl bromide are very slow be- 
cause of the severe van der Waals repulsions of both the nucleophile and the leaving group with the pink hydro- 
gens of the methyl substituents. These repulsions are indicated with red brackets in the modeis. 


The data in Table 9.3 help explain why elimination reactions compete with the 5,2? 
reactions of secondary and tertiary alkyl halides (Sec. 9.1C): these halides react so slowly in 
542 reactions that the rates of elimination reactions are competitive with the rates of substitu- 
uon. The rates of the 5,2 reactions of tertiary alkyl halides are so slow that elimination is the 
only reaction ohserved. The competition between f-elimination and 5,2 reactions will be 
considered in more detail in Sec. 9,56. 


Nucleophilicity in the 5,2 Reaction 


As Table 9.1 (p. 379) illustrates, the S,2 reaction is especially useful because of the variety of 
nucleophiles that can be employed. However, nucleophiles differ significantly in their reactiv- 
ies. What factors govern nucleophilicity in the 5,2 reaction and why? 

We might expect some correlation between nucleophilicity and the Bronsted basicity of a 
nucleophile because both are aspects of its Lewis basicity. That is, in either role a Lewis base 
donates an electron pair. (Be sure to review the definitions of these terms in Sec. 3.4A.) Let's 
first examine some data for the S42 reactions of methyl iodide with anionic nucleophiles of 
different basicity to see whether this expectation is met in practice. Some data for the reaction 
of methyl iodide with various nucleophiles in methanol solvent are given in Table 9.4 and plot- 
ted in Fig. 9.5. Notice in this table that the nucleophilic atoms are all from the second period 
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Dependence of 5,2 Reaction Rate on the Basicity of the Nucleophile 


Мис + НС | = Мис — CH, + 17 
k (second-order rate 
Nucleophile (name) pK, of conjugate acid* constant, M ' 51) log k 
CH,O* (methoxide) 15.1 25 x 107? mE -3.6 
PhO™ (phenoxide) 995 — 79 x 107 4.1 
"CN icyanide] 9.4 63 x 10 2 
AcO' (acetate) 4.76 2; x 107° -5.6 
N7 (azide) 4.72 78 х 10^ -4.1 
F^ (fluoride) 3.2 5.0 x 107% -73 
50:7 (sulfate) 2.0 AD x 1077 —5.4 
NO; (nitrate) —1.2 50x 1073 8.3 


*pk, values in water 


а а аы it 


line of slope = I / 


CN e 


-4 ! N z Ф PhO- 3. | 


ing 9.2 reaction rate 


basicity of Nuc:^ (pK, of Nuc—H) 


Figure 9.5 The dependence of nucleophile 5,2 reactivity on nucleophile basicity for a series of nucleophiles in 
methanol solvent. Reactivity is measured by log k for the reaction of the nucleophile with methyl iodide. Basicity 
is measured by the pKa of the conjugate acid of the nucleophile. The blue dashed line of slope = 1 shows the 
trend to be expected if a change of one log unit in basicity resulted in the same change in nucleophilicity. The 
solid blue line shows the actual trend for a series of nucleophiles (blue squares) in which the reacting atom is 
—Q' The black circles show the reactivity of other nucleophilic anions in which the reacting atoms are from pe- 
riod 2 of the periadic table, the same period as oxygen. 


of the periodic table. Figure 9.5 shows a very rough trend toward faster reactions with the 
more basic nucleophiles. 

Let's now consider some data for the same reaction with anionic nucleophiles from different 
periods (rows) of the periodic table. These data are shown in Table 9.5 ( p. 394). If we are expect- 
ing a similar correlation of nucleophilic reactivity and basicity, we get a surprise. Notice that the 
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IS Dependence of S,2 Reaction Rate on the Basicity of Nucleophiles 
from Different Periods of the Periodic Table 


m Е: 25 р-а б 
Мис + H,C—| HoH Nuc—CH, + | 
k (second-order rate 

Nucleophile pK, of conjugate acid* constant, M ' 5—1) log k 
Group 6A Nucleophiles 

PhS- 6.52 1.1 +0.03 
PhO- 995 79 х 107° — 4,1 
Group 7А Nucleophiles 

И — 10 34 x 107 —2.5 
BrT —8 8.0 x 107* -4.1 
cI —Б 3.0 x 107° —5.5 


F- 3.2 5.0 x 107% -73 


“pk, values in water 


sulfide nucleophile 15 more than three orders of magnitude less basic than the oxide nucleophile, 
and yet it is more than four orders of magnitude more reactive. Similarly, for the halide nucle- 
ophiles, the least basic halide ion (iodide) is the best nucleophile. 

Let's generalize what we've learned so far. The following apply to nucleophilic anions in 
polar, protic solvents (such as water and alcohols): 


1. In a series of nucleophiles in which the nucleophilic atoms are from the same period of 
the periodic table, there is a rough correlation of nucleophilicity with basicity. 

2. [n a series of nucleophiles in which the nucleophilic atoms are from the same group 
(column) but different periods of the periodic table, the less basic nucleophiles are more 
nucieophilic. 


The interaction of the nucleophile with the solvent is the most significant factor that ac- 
counts for both of these generalizations. Let's start with generalization 2—the inverse rela- 
tionship of basicity and nucleophilicity within a group of the periodic table. The solvent in all 
of the cases shown in Tables 9.4 and 9.5 and Fig. 9.5 is methanol, а protic solvent, In a protic 
solvent, Avdrogen bonding occurs between the protic solvent molecules (as hydrogen bond 
donors) and the nucleophilic anions (as hydrogen bond acceptors). The strongest Bronsted 
bases are the best hydrogen bond acceptors. For example. fluoride ion forms much stronger 
hydrogen bonds than iodide топ. When the electron pairs of a nucleophile are involved in hy- 
drogen bonding, they are unavailable for donation to carbon in an 5,2 reaction. For the 5,2 
reaction to take place, a hydrogen bond between the solvent and the nucleophile must be bro- 
ken (Fig. 9.6). More energy is required to break a strong hydrogen bond to fluoride ion than is 
required to break a relatively weak hydrogen bond to iodide ion. This extra energy is reflected 
in а greater free energy of activation—the energy barrier—and, as a result, the reaction of 
fluoride 10n is slower. To use a football analogy, the nucleophilic reaction of a strongly hydro- 
gen-bonded anion with an alkyl halide is about as likely as a tackler bringing down a ball car- 
rier when both of the tackler's arms are being held by opposing linemen. 

The data in Fig. 9.5 and generalization 1 can be understood with a similar argument. If nu- 
cleophilicity and basicity were exactly correlated, the graph would follow the dashed blue line 
of slope — 1. Focus on the blue curve. which shows the trend for nucleophiles that all have 


11 


9.4 THE $,2 REACTION 395 


bond to garban 


| Н | 
X hydrogen bonds between p | 
/ "f nucleophile and solvent / 
ну H | Н 
PAREN pE y 2 pe }, | | 
=? An H+ СНІ — |н HAs =i [| -80 
HY 
) i 
H H 


transition state 


Figure 9.6 An 5,2 reaction of methyl iodide involving à nucleophile (:x: } in a protic solvent requires Breaking 
а hydrogen bond between the solvent and the nucleophile. The energy required to break this hydrogen bond be- 
comes part of the standard free energy of activation of the substitution reaction and thus retards the reaction. 


—QO as the reacting atom (Plne squarexy, The downward curvature shows that the nucle- 
ophiles of higher basicity do not react as rapidly with an alkyl halide as their basicity predicts, 
and the deviation from the line of unit slope is greatest [or the most basic nucleophiles, The 
strongest bases form the strongest hydrogen bonds with the protic solvent methanol, and one 
of these hydrogen bonds has to be broken for the nucleophilic reaction to occur. The stronger 
the hydrogen bond to solvent, the greater is the rate-retarding effect on nucleophilicity. 

The data for nucleophiles shown with the black circles in Fig. 9.5 reilect the effects of hy- 
drogen bonding to nucleophile atoms that come from different groups within the same period 
(row ) ef the periodic table. For example, fluoride ton hes below the trend line for the oxygen 
nucleophiles, That ts. finoride ton is а worse nucleophile than un oxygen anion with the same 
basicity. The hydrogen bonds of fluoride with protic solvents are exceptionally strong. and 
hence its nueleophilieity Is correspondingly reduced. Conversely, the hydrogen bonds of azide 
on and the carbon of evanide ton with protic solvents are weaker than those of the oxygen an- 
опу. and their nucleophlilieities are somewhat greater. 

if hydrogen bonding by the solvent tends to reduce the reactivity of very baste nucle- 
ophiles, it follows that $42 reactions might be considerably accelerated if they could be car- 
ried out in solvents in which such hydrogen bonding is not possible. Let's examine this propo- 
sition with the аш of some data shown in Table 9.6 (р, 3961. The two solvents; methanol 
te = АЗ and N,N-JimethyTtormamide (DMF. € — 37: structure in Table 8.2. p. 531i, were cho- 
sen for the comparison because their dielectric constants are nearby the sume: that is, their po- 
larities are vers similar As you ean see from the data in this table. changing trom а protic sol- 
vent tu а polar aprotic хох ет accelerates the reactions of all nucleophiles, but the increase of 
the reaction rate for fluoride ion is particularly noleworthy—a Factor of 10°. [n fact, the accel 
eration of the reaction with fluoride ion 18 so dramatic that an 842 reaction with Buoride ton as 
(he nucleophile is converted from an essentially useless reaction im a protic salvent—one thal 
lakes years—to a very rapid reaction in the polar аргон solvent; Other polar aprotio solvents 


have effects of a similar magnitude, and similar aecelerations occur in the 54,2 reactions of 
other alkyd halides, The effect on rate is due mostly to the sofvent proticity—whether the sol- 
vent is protic. Fluoride ton is Py fer the most strongly hydrogen-bonded halide anton in Table 
9.3: consequently, the change of solvent has the greatest effect on the rates of tts $2 reactions. 


396 CHAPTER 9 * THE CHEMISTRY ОР ALKYL HALIDES 


Solvent Dependence of Nucleophilicity in the 5,2 Reaction 


250 


Мше + He~ ж Muc—CH; +17 


In methanol 


Reaction is 


Reaction is 


Nucleophile pK; k, M^ s^ over in—' k M^ s over in—' 
F -10 3.4 x 107? 17 min 40 x 107" 8.7% 

Вг -8 8.0 x 107* 12h 1.3 2.7 5 

СІ 6 30 x 107° 13 days 2.5 1.45 

F^ 3.2 5.0 x 107? 2.2 years -3 —125 

CN 9.4 6.3 х 107% 1.5 Һ 3.2 х 10° 0.011 5 


"pK, values of the conjugate acid in water 
"Time required for 97% completion of the reaction 
‘DMF = N.N-dimethylformamide (see Table 8.2, p. 341) 


As the data demonstrate, eliminating the possibility of hydrogen bonding to nucleophiles 
strongly accelerates their 5,2 reactions. 

What we ve learned, then, is that $42 reactions of nucleophilic anions with alkyl halides 
are much faster in polar aprotic solvents than they are in protic solvents. If this is so, why nol 
use polar aprotic solvents for all such 5,2 reactions? Here we must be concerned with an ele- 
ment of practicality. To run an 5,2 reaction in solution, we must find a solvent that dissolves 
à salt that contains the nucleophilic anion of interest. We must also remove the solvent from 
the products when the reaction is over. Protic solvents, precisely because they are protic, dis- 
solve significant quantities of salts. Methanol and ethanol, two of the most commonly used 
protic solvents, are cheap, are easily removed because they have relatively low boiling points, 
and are relatively safe to use. When the S,,2 reaction is rapid enough, or if a higher tempera- 
lure can be used without introducing side reactions, the use of protic solvents is often the most 
practical solvent for an 5,2 reaction. Except for acetone and acetonitrile (which dissolve rel- 
atively few salts), many of the commonly used polar aprotic solvents have very high boiling 
points and are difficult to remove from the reaction products. Furthermore. the solubility of 
salts in polar aprotic solvents is much more limited because they lack the protic character that 
solvates anions. However, for the less reactive alkyl halides, or for the S,2 reactions of fuo- 
ride ion, polar aprotic solvents are in some cases the only practical alternative. 


Importance of the Solvent Effect in an 5,2 Reaction 

Used in Cancer Diagnosis 

Positron emission tomography, or "PET," is a widely used technique for cancer detection. In PET, a glu- 
cose derivative containing an isotope that emits positrons is injected into the patient. A glucose de- 
rivative is used because rapidly growing tumors have a high glucose requirement and therefore 
take up glucose to a greater extent than normal tissue. The emission of positrons {8* particles, or 
positive electrons) is detected when they collide with nearby electrons (8^ particles). This antimat- 
ter-matter reaction results in annihilation of the two particles and the production of two gamma 
rays that retreat from the site of collision in opposite directions, and these are detected ultimately as 
light. The light emission pinpoints the site of glucose uptake—that is, the tumor. 
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The glucose derivative used in PET is 2-'"fluoro-2-deoxy-D-glucopyranose, or FOG, which contains 
the positron-emitting isotope '*F ("fluorine-18"). The structure of FDG is so similar to the structure of 
glucose that FDG is also taken up by cancer cells. 


HO S HO 9 
HO n HO ЫН 
TE OH 
2-('8F)-fluoro-2-deoxy-p-glucopyranose p-glucopyranose 
{FDG} (glucose) 


The half-life of '*F is oniy about 110 minutes. This means that half of it has decayed after 110 minutes, 
75% has decayed after 220 minutes, and so on. This short half-life is good for the patient because the 
emitting isotope doesn't last very long in the body. But it places constraints on the chemistry used to 
prepare FDG. Thus, PF, which is generated from H,'"O as an aqueous solution of K* "F^, must be pro- 
duced at or near the PET facility and used to prepare FDG quickly in the PET facility. An 5,2 reaction is 
used to prepare an FDG derivative using *F-fluoride as the nucleophile. Like other 5,2 reactions, this 
reaction occurs with inversion of conRguration, 


a cryptand is used 


triflate group to bind К" 
АсОСН, :050,СЕ, АсОСН, 
i Kryptofix [2.2.2] n Q а 
(a cryptand) C + :OSOSCF; 
» A "niue" ыы. 
BAC anhydrous acetonitrile AcO i" dis 
18° 
inversion of a polar aprotic solvent FDG 1,3,4,6-tetraacetate 


configuration 


mannose triflate 
1,3,4,6-tetraacetate 


О 
| 


AcO— = acetate = HC —C€ — О — (9.302) 


(The leaving group is a triflate group, which we'll discuss in Sec. 10.34.) This synthesis cannot be car- 
ned out in water as a solvent because Nuoride ion in protic solvents is virtually unreactive as a nucle- 
ophile. To solve this problem, water is completely removed from the aqueous fluoride solution and 
is replaced by acetonitrile, a polar aprotic solvent (Table 8.2, p. 341). Fluoride ion in anhydrous ace- 
tonitrile is a potent nucleophile, and to make it even more nucleophilic, a cryptand (Fig. 8.7, p. 353) 15 
added to sequester the potassium counterion, This prevents the potassium ion from forming ion 
pairs with the fluoride ion. The"naked" and highly nucleophilic fluoride ion reacts rapidly with man- 
nase triflate tetraacetate to form FDG tetraacetate, as shown in Eq. 9. 30а. 

The acetate! OAc} groups are used for several reasons. One reason is that they make the man- 
nose derivative more soluble in acetonitrile than it would be if — OH groups were present. But the 
most important reason they are used is that if O— H groups were present they would themselves 
form hydrogen bonds with "F^, thus reducing its nucleophilicity and preventing the nucleophilic 
reaction from taking place.The acetate groups are rapidly removed in a subsequent ester hydrolysis 
reaction (Sec. 21.7À) to give РОС itself. 
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AcOCH, 


AcO- 


АсО OH + 4ACOH  (9.30b) 


FDG hydrolytic re moval | 
1,3,4,6-tetraacetate | of acetate groups 


Figure 9.7 shows the PET image of a malignant lung tumor. РЕТ is so sensitive that it has led to the 
detection of some cancers at an earlier and less invasive stage than previously possible, As we've 
seen, PET hinges on the rapid synthesis of FDG, which in turn hinges on the clever use of polar apro- 
tic solvents and ion-complexing agents to enhance the nucleophilicity of fluoride ion. 


Shi eel 9.13 When methyl bromide is dissolved in ethanol, no reaction occurs at 25 °C. When excess 
sodium ethoxide is added, a good yield of ethyl methyl ether is obtained. Explain. 


9.14 (a) Give the structure of the 5,2 reaction product between ethyl iodide and potassium acetate. 


О: 
HiC— d 
tor Kt 
potassium acetate 


(b) In which solvent would you expect the reaction to be faster: acetone or ethanol? Explain. 


9.15 Which nucleophile, :N(C;H.), or :P(C;H,)., reacts most rapidly with methyl iodide in ethanol 
solvent? Explain, and give the product formed in each case. 


Е Leaving-Group Effects in the 5,2 Reaction 


In many cases, when ап alkyl halide is to be used as a starting material in an S42 reaction, a 
choice of leaving group is possible. That is, an alkyl halide might be readily available as an 
alkyl chloride, alkyl bromide, or alkyl iodide. In such a case, the halide that reacts most rapidly 
is usually preferred. The reactivities of alkyl halides can be predicted from the close analogy 
between 5,2 reactions and Bronsted acid-base reactions. Recall that the ease of dissociating 
an H— X bond within the series of hydrogen halides depends mostly on the H— X bond en- 
ergy (Sec. 3.6A), апа, for this reason, H— 1 is the strongest acid among the hydrogen halides, 
Likewise, S,2 reactivity depends primarily on the carbon-halogen bond energy, which fol- 
lows the same trend: Alkyl iodides are the most reactive alkyl halides, and alkyl fluorides are 
the least reactive. 
Relative reactivities in 5 „2 reactions: 

R—F << R—CI < R—Br « R—I (9.31) 
Іп other words, the best leaving groups in the 5.2 reaction are those that give the weakest 
bases as products. Fluoride 1s the strongest base of the halide ions; consequently. alkyl fluo- 


rides are the least reactive of the alkyl halides in 5,2 reactions. In fact, alkyl fluorides react so 
slowly that they are useless as leaving groups in most S,,2 reactions. In contrast, chloride, bro- 
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malignancy as visualized by РЕТ 


Figure 9.7 The PET image of a malignant lung tumor The positron-emitting "Р is incorporated in the structure 
of FOG, a glucose derivative. РОС uptake, like glucose uptake, is enhanced in malignant tumors because they are 
rapidly growing and require more glucose than narmal tissues. 


mide. and iodide rans ure much less busie than fueride топ; alkyl chlorides, alkyl bromides. 
and alkyl iodides all have acceptable reactivities in typical 84,2 reactions. and alkyi iodides are 
the most reactive of these. On a laboratory seale. alkyT bromides. which are m most cases less 
expensive than alkyl iodides. usually represent the best compromise between expense and re- 
activity, For reactions carried out on a large scale. the lower cost of alkyl chlorides offsets the 
disadvantage of their lower reactivits. 

Halides are not the only groups that can be used as leaving groups tn 85,2 reactions. Section 
10,34 will introduce a variety of alcohol derivatives that can also be used as starting materi- 
als for S.2 reactions, 


Summary of the S,2 Reaction 


Primary and some secondary alkyt halides undergo nucleophilic substitution by the 542 mech- 
anism. Let's summarize six of the characteristic features of this пес их. 


і. The reaction rate is second order overall: first order in the nucieophile and first order n 

the alkyl halide. 

The mechanism involves a backside substitution reaction of the nucleophile with the 

alkyl balide and imversion of stereochemical configuration. 

3. The reaction rate i decreased by alks | substitution at both the e- and 6-carbon atoms: 

alks halides with three B-branehes are unreachve, 

4. When the nucleophilic atoms come from within the same row of the periodic table. the 
strongest bases are generally the most reactive nueleophiles. 

. The solent has а sigmiicunt effect on nucleophilieity, 54,2 reactions are. generally 
slower in protic solvents than in aprotie solvents, and the etfect is particularly great Гот 


E 


"Un 


anions containing micleophilic atoms fram the second period. 
6. The fastest 5,2 reactions involve leaving groups that vive the weakest bases as products. 
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This section discusses base-promoted 8-ebmination, which ts à second important reaction of 
whs | halides. An example of such a reaction is the elimination of the elements of HBr from 
пет bromide: 


CH: CIl; 
_ | эл qu f 
Mat. -C—Br- Nat CHO ан Tht + (EIA + Nat Bro (9.374 


V. 
CH, CH, 


| ethanol 


Recall from Sec. 9.1B that this type of elimination is a dominant reaction of tertiary. ШАУ: 
halides in the presence of a strong base. and ii competes with the So? reaction in the case of 
secondurs and primars. alkyd halides. 


A. Rate Law and Mechanism of the E2 Reaction 


Base-promoted B-elimination reactions Wpically follow a rate lw thal is second order coverali 


Anal iirst order in euch regetan: 
ride ARCH, nC — Br [CH 07 | (9,33) 


A mechanism consistent with this rate daw is the Follow me: 


Vos E rH CH: CHOH CET, 
T zc | SUR 
СИ. СИ, ——- H.C—U (is 
| 
В; CH: ipe 


This t pe of mechanism. involving concerted removal of a B-proton by а base and loss of a 
Halide ion. is called an E72 mechanism. Reactions that occur by the E? mechanism are called 
E2 reactions. The meaning ol the "nickname" E2 is as follows: 
F E2 
elimination a ^ bimolecular 


Remember that binmoleculur means that two molecules are invedved in the rate-limiting step of 
the reaction, [n this case, he two molecules are the hase and the alkyl halide. 


B. Why the E2 Reaction Is Concerted 


The cursed-arrew notion [or the E2 mechanism in by. 9.34 is worth some attention, The 
simplest electron-paic displacement reactions we've encountered hae involved the donation 
of an electron pair from a Lewis base tacting as either a Bronsted base or à nucleophile) to un 
electrophile and toss ol a leaving group. and the process is fully described by (wo curved ar- 
rows, However. the 12 reaction involves three curses arrows, In the E2 reaction. the hase acts 
as a Bronsted hase to remove the B mnproton, and the halide acts as a leaving eroup. How do wv 
analyze the middle curved arrow?! This arrow shows that the B-carbon acts sinudtanecous!Iv их 
а leaving group and a nucleophile that reacts at the а-сат поп, That 1s. the electron pair that de- 
parts from the B-hi drogen is donated to the a-carbon to expel the bromide ion. 
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Bronsted base 


C:H:0:7 „Н Ms GHOT ОН, 
СН Сс СН», — H5C —t: 0,35) 
# |5 |- 
oup and nucleophile В” CH; ‘Br: 


caving group 


Lets separate this concerted mechanism into two freien! but more conventional o- 
curved-urrow steps. This will help us to understand why the reaction is converted. Suppose 
that in the first step of the elimination the base abstracts a proton do give a carbon amnion as the 
product. In this step. the B-carbon acts as a leaving group. 


Brensted base 


SNOT aH b C;HsÓH / 
GH =el «= pEi TETE 
4 DB | | 
leaving group Вг: СН. Вг: 


Then, in the second step. the electron pair of the garbon anion acts as a nucleophiie by react- 
ing at dhe c-earbon, displacing Bromide tom: 


"ucleophili CH; iH: 
CH?—Ca4-CH, — LCS. ep 
Вг: = СН, 
leaving group :Br 


We van valeulate the approximate equilibrium constant for the first step thy. 9.36403 using 
the method of Sec. 34E. The p& of the S-protoen should he a title fess than the рА of an 
alkane—perhaps about 50, As we learned in Sec. 8.64. the рА of ethanol is 15.9. The egui- 


librium constant for the first step is then 012 77 


ur about i07 7. The corresponding standard 
free-energy change is about 194 KJ mol '; This means that itf the reaction were lo occur Бу this 
stepwise mechanism. the standard [ree energs of actisation for the first step of this reaction 
would he at least 194 KJ mol ^, because this is the amount of eneres required to form the car- 
bon-anion intermediate. The rate of such a reaction is unimaginably small: ihe reaction would 
take approximately 1077 ears at room temperature! In other words, the elimination would not 
occur, fn fuel тиса E2 reactions occur 1m minutes bo a Few hours and hive standard free en- 
ergies of activation typically in the 8-95 KJ mol" range. 

The concerted mechanism. then. avoids the formation eb a very unstable. strongly baste, 
varbon-anton intermediate. The concerted mechanism brings about a net transfer of electrons 
from the oxygen er ethoxide to bromine to form the much weaker base bromide ton. And that 
IS Why the middle curved arrow doesn't "pause al earbon as an electron. pair and) “hung 
around” before i reaets at the a-carbon, 

In later sections of this text; well tear about -eliminatons that de invalve carben-anion 
intermediates; AS we might expect. these reactions van Like place only if the carbon anion is 
stabilized m some was. Fo sus that the carbon anion is more stable is bo sas that ihe -proton 
I much more acidic: Hence. the stepwise elimination mechanism will he observed onts 
with compounds in which the -proton is unusually acidic. 
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PROBLEMS . : -—— 
| PROBLEMS. 9,16 The following hydroxide-catalyzed -elimination takes place bv a carbon—anion stepwise 
mechanism. Show the carbon-anion intermediate and explain its stability. Think тл terms of 


a polar effect (Sec. 3.6C). Recalling also that resonance structures imply heightened stability 
(Sec. 1.4), draw a resonance structure for his anion as well. 
О 
| | i HOT e] Xn 


9.17 We can conceive of a stepwise version of the 5,2 reaction consisting of a Lewis acid-base 
dissociation followed by a Lewis acid-hase association. (Nuc! = a nucleophile.) 
= =. / Pli з "a __ "T 
Nuc СН: —3- Nuc CH; ‘I: —9 Nuc—CH,; 1: 
(a) Why should the stepwise process be slower than the conceried process? 
(b) For what type of alkyl halide i5 the stepwise process likely to be observed? 


C. Leaving-Group Effects on the E2 Reaction 


in the mechanism of the E2 reaction, the role of the leaving halide is much the same as it is in 
the 5..2 reaction: Its bond to carbon breaks and it takes on an additional electron pair to be- 
come a halide ion. Consequently. it should not be surprising to find that the raies of 54,2 and 
E2 reactions are atfected in similar ways by changing the halide leaving group: 


Relative rates of £2 reactions: 
R— U] = R—Hr - R—I (0,371 


As tn the 5,2 reaction. the reactivity difference between alkyl bromides and iodides is not 
great, Alkyl bromides are usually used in the laboratory for E2 reactions as the best compro- 
mise of reactivity and expense, and, when possible. the less expensive alkyl chlorides are used 
in large-scale reactions, 


D. Deuterium Isotope Effects in the E2 Reaction 


The mechanism in Eq. 9.34 implies that a proton is removed in the transition state of the E2 re- 
action. This aspect of the mechanism сап he tested in an interesting way. When a hydrogen is 
transferred in the rate-limiting step of a reaction, a compound in which that hydrogen is re- 
placed by its isotope deuterium will react more slowly in the sume reaction. This etfect of iso- 
topic substitution on reaction rates is called a primary deuterium isotope effect. For exam- 
ple. suppose the rate constant for the following E2 reaction of 2-phenyT- H-bromaocthane ts ky- 
and the rate constant [or the reaction of its B-deutertum analog is Æp 


таге constant Ay] 


Ph —CH,—CH.—Br + C.H:O7 СӨН 


Ph— CH=CH. c Bro + СОН DRE 


rale constant Aya 


Ph—UD,— CH.— Br + C.H4O^ CHANI 


Ph—UCD-—CH. + Broo (НО) САЗ 
The primary deuterium isotope effect is the ratio ol the rates for the two reactions—that 15, 
Ку Iypically such isotope effects are in the range 2.5-8. For example. Ж/А, for the reac- 
tions in Eq. 9.38 15 7.1. The observation of à primary isotope elfect of this magnitude shows 
that the bond to a G-hydrogen 15 broken in the rate-limiting step of this reaction. 

The theoretical basis for the primary isotope effect lies in the comparative strengths of 
C—H and C — D bonds. [n the starting material. the bond to the heavier isotope D is slightly 
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Аб 
(smaller) 
ОСН; 


somewhat 
weaker bond 


t 
C—D versus C—H 
bond energy 


STANDARD FREE ENERGY 


somewhat 
stronger bond 


reaction coordinate 


Figure 9.8 The source of the primary deuterium isotope effect is the stronger carbon-deuterium bond. (The 
difference between the bond energies of the C—H and C—D bonds is greatly exaggerated for purposes of 
illustration.) 


stronger (and thus requires more energy to break; Sec. 5.6E) than the bond to the lighter iso- 
tope H. However, in the transition states for both reactions, the bond from H or D to carbon is 
partly broken, and the bond from H or D to the attacking group is partly formed. To a crude 
approximation, the isotope undergoing transfer is not bonded to anything—it is “in flight." Be- 
cause there 15 no bond, there is no bond-energy difference between the two isotopes in the 
transition state. Therefore, the compound with the C—D bond starts out at a lower energy 
than the compound with the C—H bond and requires more energy to achieve the transition 
state (Fig. 9.8). In other words, the energy barrier, or free energy of activation, for the com- 
pound with the C—D bond is greater; as a result, its rate of reaction is smaller. 

A primary deuterium isotope effect is observed only when the /rydrogen that is transferred 
in the rate-determining step is substituted by deuterium. Substitution of other hydrogens with 
deuterium usually has little or no effect on the rate of the reaction. 


BLEM | b. s 
PROREEMS 9.18 Ineach of the following series, arrange the compounds in order of increasing reactivity in the 
E2 reaction with Na* C,H,O". 


(a) CH; CD; CH; 
Tome e v H,c—C—cl 
M б, Es 
А В С 
(b) Th с, 
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9.19 (a) The rate-limiting step in the hydration of styrene (Ph—CH-—CH,) is the initial transfer 
of the proton from Н.О“ to the alkene (Sec. 4.9B). How would you expect the rate of the 
reaction to change if the reaction were run in D.O/D,O* instead of H,O/H,O*? Would 
the product be the same? 

(b) How would the rate of styrene hydration in H.O/H,O* differ from that of an isotopically 
substituted styrene Ph—CH=CD,? Explain. 


E. Stereochemistry of the E2 Reaction 


When an E2 reaction occurs, the tetrahedral a- and B-carbons become trigonal when the B- 
proton is removed and the halide leaves. The R-groups on these two carbons move into a com- 
mon plane that also contains the alkene carbons. This motion is shown in Fig. 9.9. 

The stereochemistry of the E2 reaction uses this plane as a frame of reference, The E2 re- 
action can occur in two stereochemically distinct ways. illustrated as follows for the elimina- 
tion of the elements of H— X from а general alkyl halide: 


RS 
NM v Ri... aR! É- и 
sym bases” ji рр pio С ру + base — Н + =x (9,393) 
R! R? 
" R? 
— Y RI 2 2 i 
anti: base: Re C Re am om uu ox x. (9.39b) 


(The elimination shown in Fig. 9.9 is anti.) In a syrt-elimination, the dihedral angle between 
the C—H and C— X bonds is 0°: that is. the Н and X groups leave from the same side of the 
reference plane. In an anti-elimination, the dihedral angle between the С-— Н and C—X 
bonds is 180°; that is, the H and X groups leave from opposite sides of the reference plane, 
Only svn- and anti-eliminations are possible because only these geometries result in the pla- 
nar alkene geometry that is required for z-orbital overlap. Recall from Sec. 7.9A that the 
terms syn and anri were used in discussing the stereochemistry of additions to double honds, 
Notice that svrr-elimination is conceptually the reverse of a sya-addition, and anii-elimination 
is conceptually the reverse of an asti-addition. 

Investigation of the stereochemistry of an elimination reaction requires the a- and B-car- 
bons to be stereocenters in both the starting alkyl halide and the product alkene. In such cases. 
it is found experimentally that most E2 reactions are stereoselective anti-eliminations. as in 
the Following example. 


CH= сан phenyls are cis 
ш aris 
З Ph 
2: Ph, Ph oo 
Ph YES. м E. нс Сн ‘Br: (9.402) 
CH; Br: (Z)-a-methylstilbene 


(only product observed) 

bonds to Н and г are anti 
When the hydrogen and halogen are eliminated from a conformation in which they are anti. the 
phenyl groups (Ph) are on the same side of the molecule and therefore must end up in a cis 
relationship in the product alkene, А svi-elimination would give the other alkene stereoisomer: 
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base: base —H 
н RY 
Pk  A-— 
^ ea 3 — жар асынын R | 
/ R R 
T 


Mate d 


Figure 9.9 The stereochemical changes that occur during an E2 elimination. The о- and B-carbons are rehy- 
bridized from sp? ta sp^, and the R-groups attached to these carbons move into a common plane. in this view, this 
plane is perpendicular to the page and tilted slightly downward. 


СНО: ——, phenyls are trans 
ғи H = 


C,H;O—|1 


H (Br: 
L м | 
ИЕ Ph. = 2H Ь- P 
Ph FA E H НС C C ph {Би a (9. 40b 


CH, Ph (E)-a-methylstilbene 
е; (not observed! 
bonds to | | and Br are eclipsed 


Anti-elimination is preferred Tor three reasons. First, sva-elimination occurs through a transi- 
поп state that has an eclipsed conformation, whereas anti-elimination occurs through a transition 
state that has a staggered conformation, 


CH0: = CHO: = 


j | Des 
MC. NE. 
. : 3 E H 
ЖЕ ШЕ” a n i 
Ph ri c "ш H Ph me ( А —_ 

CH; Ph CH, 5r 
syn-elimination: anti-elumination: 
molecule is in molecule is in 
an eclipsed conformation a staggered conformation 


Because eclipsed conformations are unstable, the transition state for svr-elimination is less 
stable than the transition state for anti-elimination. As a consequence. anfi-elimination 15 
faster. The second reason that aafi-elimination is preferred is that the base and leaving group 
are on opposite sides of the molecule, out of each other's way. In svn-elimination, they are on 
the same side of the molecule and can interfere sterically with each other. Finally, calculations 
af transition-state energies using molecular orbital theory show that anti-elimination is more 
favorable; the reasoning relates to the fact that an anti-elimination involves all-backside elec- 
tron displacements. as in the 5,2 reaction. 


| | | this electron pair enters 
this electron pair enters 


backside to the C— X bond frontside to the C —X bond 
Н Jy - H у (X: 
zu Po Td V У 
base: a base: NELLO 
R ^ Ry К! 
R! (X: R! R? 


anti syn 
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PROBLEMS 9.20 Predict the products, mciudtng their stereochemistry, from the E? reactions of the following 


diastereomers of stilbene dibromide with sodium ethoxide in ethanol. Assume that one 
equivalent of HBr is climinated in each case. 
(a) (+)-Ph— CH— CH — Ph tb) meso-Ph-— CH — CH — Ph 

| | | | 


Вг Br Pr Br 


9.21 Draw the structure of the starting material that would undergo eni-elimination give the E iso- 
mer of the alkene product in the E2 reaction of Eq. 9.40. 


F. Regioselectivity of the E2 Reaction 


When an alkyl halide has more than one type of B-hydrogen, more than one alkene product 
can be formed (Sec. 9.1 BJ. 


| ip B-hydrogens LC CH, Н.С Н 
“з, А А А 

E = :| Е : - - | | . . 
н,с-—с—сн—Сн, “= C=C D C=C + CHACHSCH==CH. 19.41) 

i — [| { . EM 

DEM / b 

H HB 1] 1] H CH, 1-butene 

cis-?-butene trams-2-butene 


2-bromobutane 


This section focuses on which of the possible products is preferred and why, 

When simple alkoxide bases such as methoside and ethoxide are used. rre predominant 
product of an £2 reaction is usually the mast stable alkene isomer, Recall that the most stable 
alkene isomers are generally those with the most alkyl substituents at the carbons of the dou- 
Ме bond (Sec. 4.5B i. These tsomers, then, are the ones formed in greatest amount. 


CH, 
: E — А95 s - ippa - 5 4 
CHiCHUCUCH H - ET CHACII—CG(OCHi ~ CH CH 9.42} 
Ы SUELEN К+ i d 
| [OUR | i 
nr PIE 


[XE P] 


In this reaction, the alkene isomer formed in smaller amount would actually be favored on sta- 
tistical grounds: six equivalent hydrogens can be lost from the alkyl halide to give this alkene. 
but only tao can be lost to give the other alkene. їп the absence of à structural effect on the 
product distribution, three times as much of the l-alkene would have been formed. The fact 
that the other alkene is the major one shows that some other factor is operating. 

The predominance of the more stable alkene tsomer does zer result from equilibration of 
the alkenes themselves, because te alkene products are stable under the conditions of the re- 
action, Because the product mixture. once formed, does not change, the distribution of prod- 
uct musl reflect the relative rates at which they ure formed. Hence. we Jook for the explana- 
tion in transition-state theory. 


The transition state for the E2 reaction can be visualized as a structure that hes somewhere 


between alkyl halide and alkene (plus the other species presenti. To the extent that the transi- 
lion state resembles the alkene product, it is stabilized by the same factors that stabilize 
alkenes—and one such factor is alkyl substitution at the double bond. A reaction that can give 
two alkene products ts really two reactions in competition, each with its own transition state. 
The reaction with the transition state of lower energy —the one with more alkyl substitution at 
the developing double bond—is the Faster reaction. Hence, more product is formed through 
this transition state (Pig. 9.101 
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formed more slowly 
and theretore in smaller amount 


| | 
EE E | 
| 


РАР + C,H30H + Br 


STANDARD FREE ENERGY 


CH, | 
+ C,H. || CH, 
free energies of T" 3 | 
ns CH,CH=C(CH;); + C;H,OH 

both transition state | у ? TU 

| and alkene Г 2 ix t Br 

| и ч 1 П ——— | — " : — " | 
ars lowered by | tormed more rapidly | 

| alkv! substitution | and therefore in greater amount | 


reaction coordinate 


Figure 9.10 The alkene with more alkyl substituents on the double bond is formed more rapidly and in greater 
amount than the alkene with fewer substituents because the free energy of the transition state, like that of the 
alkene, is lowered by alkyl substitution. 


Zaitsev's Rule 


An elimination reaction that forms predominantly the most stable alkene isomers is sometimes 
called a Zaitsev elimination, after Alexander M. Zaitsev (1841-1910), a Russian chemist who observed 
this phenomenon in 1875. Just as the Markovnikov rule describes the regioselectivity of hydrogen 
halide addition to alkenes, the Zaitsev rule describes the regioselectivity of elimination reactions. 
And, like the Markovnikov rule, the Zaitsev rule is purely descriptive; it does not attempt to explain 
the reasons behind the observations. 


When an alkyl halide has more than one type of B-hydrogen. a mixture of alkenes is 
generally formed in its E2 reaction, as Ед. 9.41 illustrates. The formation of a mixture means 
that the yield of the desired alkene isomer is reduced. Furthermore, because the alkenes in such 
mixtures are isomers of closely related structure, they generally have similar boiling points and 
are therefore difficult to separate. Consequently, the greatest use of tne E2 elimination for the 
preparation of alkenes occurs when the alkyl halide has only one type of B-hydrogen, and only 
one alkene product is possible. 


Competition between the E2 and S,2 Reactions: A Closer Look 


Nucleophilic substitution reactions and base-promoted elimination reactions are competing 
processes (Sec 9.1С). In other words, whenever an 52 reaction is carried out, there is the pos- 
sibility that an E2 reaction can also occur (if the alkyl halide has -hydrogens). and vice versa. 


| owis base acts ots 


ГГ ЖАЫ 


S42 reaction Гирш ОП} 
alkyl halide with | 
B-hydrogens 


+ а Lewis base 


(9.43) 
Lewis base acts as 
A Bronsted base 


F2 reaction elimination} 
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This competition is a malter of relative rates: The reaction pathway that occurs more rapidly 
Is the one that predominates. 

Two variables determine which reactions $, 2 reaction or the E2 reaction—will be the 
major process observed in a given ease: CLE the structure of the alkyl halide: und (2) the struc- 
ture of the base. 

The feature of an alkyl halide s structure that determines the amount of elininaion versus 
substitution is the mimiber of alkyl substititents at both the c- and B-carbons. For the 8,2 reac- 
Hon qo occur on an alkal halide with e- or B-ubstituents. the nucleophile must "light through” 
a Lhcket of hydrogen atoms on the substituents that impede its uecess to the e-carbon. The re- 
sulting van ier Waals repulsions ereate an energ barrier to the 542 reaction that decreases Is 
rate, On the other hand. when the Lewis base acts as a Bronsted base to initiate the ЕЛ reag- 
tion. if reacts with a O-proton thai fies near the periphery of the molecule. Reaction at the f- 
proton is much less affected by steric repulsions than reaction at the ee-carbon atom. 


base A H - 2 ж 
uw 
A M 
| zali б n 
S ILES TUNE 
zx] ERI 
кам at catharsis unhindered; reaction at carbon 15 blocked: 
substitution oc urs elimination occurs instead 


Another reason that alka | substitution promotes the E2 reaction is that the standard free en- 
eres of the E2 transitian state; like that ofan alkene. is lowered by alkyl substitution (Sec; 9.517). 
Consequently, the rate of the E2 reaction is Piereased by afkyl substitution. Two effects of alkyl 
substitution, then, Favor the E2 reaction: the rate of the 5, 2 reaction is decreased, and the vate of 
the E2 reaction is creased. 

These same effects can he seen not only in tertiary ШКУ halides, but also in secondary and 
even primary alkyl halides. Notice in the following examples that the alkyl halides with more 
Вак substituents show a greater proportion of elimination. 


Secondary alkvl lulides: 


B-carbons 


| GE , CH, 
4 | 
Hí —CH--— br 1 caldi OT — „а L [s => Н mae 1 am —tH—woOc. IT; BESHE 
about 5350r elimination) арына 50 ШИП 


= HC—CH.—CH —Br - GHOT — 
| 
| 


ЫР. 


EN ( H—H—CH, - CH CH,—CH==( Н, + Fist ( П. Н С.Н, 
per эташ шг EL та. | 


—— 


_ | 
КШ elimination ЫР» DERE 


118" substitution} 
Prinary НКУ Halides: 


b-carbon 


` 
Н; —CH-—Br + GLOTT — HyC—UCIb — JHBC—€UCH.—OC.IH, | ig dui 


АЕ elimination! | 99's substitutiont 
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ETET [> „| [11 en 


Н .{ ( Н. Ci. — Br C TEIG — 7 


Had CH — CH. + H4 GEI. — CH: — iiH: i0 4h 
E eliminata | HI substitution | 
= H.i Hii Hi 
p. substituents CH- Cll.—HBr + CIRO ——> BCH - CH —CH-— Otal, 
- HH. ia Hí 
ДЕТИ ТЕУТА Lash substitution) 
(les) 


The structure of the base is the second variable that determines whether the ЕЗ reaction or 
the S42 reaetion is Faster in a ghen case; First oL all; a л branched base. such as teri-bu- 
охе, imecreases the proportion of elimination relative to substitution. 


(CHECHE — Br - ~OCH.CH. WOH) C=C. | CH; CHCH.—OCH.CH, (9473 


ЕКЕ Ет 
è ьт) КАШ substitution 
ethoxide 
d pi nary, 
unbranched 
alkoxide base 
CH: CH; 
(‘CHLLCHUH.—Br F*9-—0—CH Tem (CULAGC=CH. c (CHABCHCH;—O0—C— CH; 
1 "Pw 


БАШЛ lia ie | | 


І {М a substitution: 
tert-butoxide 


а teruary, branched 
alkoxide base! о 7 


When a highly branched base reacts at the ү-н o siye a substitution product, the alkyl 
branches of the base sulfer van der Waals repalsions with the surrounding sdroseus in the 
alks | halide molecule: these repulstons raise the energs of the transition state for substitution. 
When such à base reacts ab à Вере to give the elimination product, the base is further re- 
moved from the offending hydrogens in the alks | halide. and van der Waals repulsions are less 
severe, as shown in Ба. 9.44. Consequentiy. the 542 reaction is retarded more than the E? re- 
action һу branching im the base. and elimination becomes the predominant reaction. In sum- 
mary. with a highly branched base, à steric effecr selectixely retards the S42 reaction. 

A further ейел of base structure on the E2-8,2 competition has to do with its Bronsted ba- 
Мону Versus its nucleophilicis. Recall from Sec. 9.4E that the nueleophilicits of a Lewis hase 
affects the rale of Hs 8,2 reactions. whereas its Bronsted basicity affects the rate ob its KI re- 
actions (because the base is reacting wilh a protonit, Recall also that species with nücleophilie 
adams From higher periods of the periodie table; such as iodide ton. are excellent nucleophiles 
even though thes are relatively weak Bronsted bases, A greater fraction of 8,2 reaction is oh- 
served in the reactions of such nueleophiies. For example. the reaction of potassium ке 
with sobu E bromide in acetone gives mostly substitution product and litle elimination, be- 
eause Todide ms an excellent nucleophile and à weak base: 


Hs Ke 


A ea es 


CH СН. Br + Kt I ж CH CH + K* Bro! (9.40) 


Н.С Hc 
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Contrast this reaction with that in Eq. 9.46c, in which sodium ethoxide reacts with the same 
alkyl halide. Ethoxide, a strong Bronsted base. gives a significant percentage of alkene and a 
smaller percentage of substitution product. 

Let's summarize the effects that govern the competition between the S,2 and E2 reactions. 


1. Structure of the alkvl halide: 

a. Alkyl halides with greater numbers of alkyl substituents at the a-carbon give greater 
amounts of elimination. Consequently, tertiary alkyl halides give more elimination 
than secondary alkyl halides, which give more than primary alkyl halides. 

b. Alkyl halides with greater numbers of alkyl substituents at the -carbon give greater 
amounts of elimination. 

с. Alkyl halides that have no B-hydrogens cannot undergo B-elimination. 

2. Structure of the base: 

a. Inacomparison of alkoxide bases with similar strengths. tertiary alkoxide bases such 
as tert-butoxide give a greater fraction of elimination than primary alkoxide hases. 

b. Weaker bases that are good nucleophiles give a greater fraction of substitution. 


The application of these ideas is illustrated in Study Problem 9.1. 


| Study Problem 9.1 


Which alkyl halide and what conditions should be used to prepare the following alkene in good 


yield by an E2 elimination? 
ЫП 


methylenecyclohexane 


Solution If this alkene is to be produced in an E2 reaction from an alkyl halide, the halide must 
be located at one of the two carbons that eventually become carbons of the double bond. This 
means that there are two choices for the starting alkyl halide: 


B 
6 CHBr 


CH; and 


А B 


The advantage of alkyl halide A is that, because it is tertiary, it poses no significant competition 
from the $,2 reaction. The disadvantage of this alkyl halide is that it contains more than one type 
of B-hydrogen, and, consequently, more than one alkene product could be formed: 


B-hydragens (а) 
Ay Hs B-hydrogens (b) 
-hydrogens 
br pes PEE CH; CH, 
H. B-eliminatton 

v ———— + iyu (9.49) 
H uam B-hydrogens (а) C D 
А loss of Н(а) loss of Hib) 


ая 


Есте Product C is the more stable alkene because its double bond has three alkyl substituents; hence, if 


Ring Carbons as A is used as the starting material, a major amount of this undesired alkene will be formed. If alkyl 
Alkyl Substituents 
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halide B is the starting material, then the desired product D is the ол/у possible product of 
B-elimination. Because this alkyl halide is primary, however, it is possible that some by-product 
derived from the S42 reaction will be formed. The way to minimize the 5,2 reaction is to use a 
tertiary alkoxide base such as fert-butoxide. In addition, the B-substitution in alkyl halide 

B should also minimize the substitution reaction. Hence, a reasonable preparation of the desired 
alkene is the following: 


CH;Br CH; 
Kt (CH44C —O- | e 
(CHi4C — OH (9.50) 


PROBLEM i ; 
9.22 What nucleophile or base and what type of solvent could be used for the conversion of 


isobutyl bromide into each of the following compounds? 
+ 
(a) (CH;),CHCH,S(CH,), Br ()(СН,),СНСНн,5СН,СН, (с)(СН,)„С=—=СН, 


9.23 Arrange the following four alkyl halides in descending order with respect to the E2 elimina- 


tion to S42 substitution product ratio expected in their reactions with sodium ethoxide in 
ethyl alcohol. Explain your answers. 


CHI (CH;);CHCH,— Br (CHj)4CCH;CH;CH; — Br (CH;),CHCH — Br 


А Н С CH, 
i? 


9.24 Arrange the following three alkoxide bases in descending order with respect to the E2 elimi- 


nation to 5,2 substitution product ratio expected when they react with isobutyl bromide. Ex- 
plain your answers. 


(CH4);CH — O7 CH;,07- (C3Hs);C—O7 
A B C 


H. Summary of the E2 Reaction 


The E2 reaction is a B-elimination reaction of alkyl halides that is promoted by strong bases. 
The following list summarizes the key points about this reaction: 


ө 


б. 


The rates of E2 reactions are second order overall: first order in base and first order in 
the alkyl halide. 


. E2 reactions normally occur with anti stereochemistry. 
. The E2 reaction 1s faster with better leaving groups—that is, those that give the weakest 


bases as products. 


. The rates of E2 reactions show substantial primary deuterium isotope effects at the 8- 


hydrogen atoms. 


. When an alkyl halide has more than one type of B-hydrogen, more than one alkene 


product can be formed; the most stable alkenes (the alkenes with the greatest numbers 
of alkyl substituents at their double bonds) are formed in greatest amount. 

E2 reactions compete with S42 reactions. Elimination is favored by alkyl substitution in 
the alkyl halide at the а- or -carbon atoms, by alkyl substituents at the a-carbon of the 
base, and by stronger bases. 
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THE S,1 AND E1 REACTIONS 


Ин now, the discussion has stressed the reactions ol alks] halides with species that are either 
strong bases or good nucleophiles. When a primary alkyl halide is dissobved in an alvohol sol- 
vent with no added base, the 8,2 reaction that occurs likes two weeks or more (depending on 
the lemperuture and the alkyl halide), because a neutral. un-tonized alcohol is a weak base and 
thus a poor nucleophile. When a tertiary alkyl halide such as terr buts | bromide is subjected to 


the same conditions, however, both substitution and elimination reactions occur readily. 
eae CH, Het 
| à SEM | | | E | | | * 
116.6. Вг + С — — HiC—C—uU—tCG.bh- CCH СОН. Br. 
ethanol атгы] harm o 
CI 1; solvent! с і; HC Par in апо 
tert-butyl bromide tert-butyl ethyl ether 2-methylpropenc 


[5.3] Tu. m (9 51) 


The reaction of an alkyl halide with a solvent in which no other base or nucleophile bas heen 
added ts called a solvolysis (literally. bond breaking bs solvent) The substitution that occurs 
in the solvolysis af zerr-buty]. bromide cannot involye an 5,2 mechanism because chain 
branching at the e-carbon retards the S 2 reaction. That is; il the solvolysis ofa primary alkyl 
halide by an S42 mechanism 15 vers slow. then the solvolysis of a tertiary alkyl halide by the 
same mechanism should be eren sewer The elimination that occurs in this solvolysis cannol 
accur by an ЕЛ mechanism because a strong base is not present. Because both substitution and 
elimination reactions eccur readily. thes must then involve mechanisms that are different from 
the 8,2 and E2 mechanisms. This new mechanism is the subject of this section. 


Rate Law and Mechanism of 5,1 and E1 Reactions 
The solvolysis of rezz-huts | bromide follows a first-erder rate aw: 
rate = A[(C ET HF CBr DARE 


Any involvement of solvent in the reaction cannot he deteeted in the rate law because the con- 
centration of the solvent cannot be changed. Flowever, the nature of the solvent does plas a 
ытаа role in this reaction, The solvolysis reactions af tertiary alkyl halides are fastest in 
Patan protic, donor solvents, such as alcohols, formic acid, and mixtures of water with sol- 
vents in which the alks1 halide is soluble (for example, aqucotis acetone). Notice that these 
solvents are the ones that are best at solvating tons (Sec. BABI. 

The occurrence of both substitution and elimination products shows that bio cenmpeting re- 
actions are involved, Che first step in beri reactions im elves the ionization of the alkyl halide 
lo a carbocation and a halide ion: 


См, 
б Ж, " 
(CHinC— Br: = (НЫС Br rate-limiting step (9.8 Aa) 
carbocatian 
imnterimexfrate 


This step. which is à Lewis ecid—hase disseciation (Sec. 3. EC. is the rate-limiting step of 
both the substitution amd elimination reactions, In ether words. when a tertiary alkyl halide is 
dissolved in a polar. protic solvent such as ethanol. it reacts by dissociating slow dy inta a car- 
bocarion and a halide ion: the carbocation then гарну reacts to give both substitution and 
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elimination products. This, substitution and elimination products arise from competing redt- 
попа o] Hie carbocatiea. 

Consider first the formation ol the substitution. product. This product is formed by the 
Lewis acid hase association of a solvent molecule with the carbocation, Eyen thoueh the sal- 
vent is a poor nucleophile. the reaction occurs rapidly because the solvent is present in А оту 
High concentration and because the carbocation is a very powerful Lewis acid. 


ae БА - 
(CHARCOT HOCAL жо” CILE OCH, Bei TERNI 
Пт [ 


Che nucleophile that reacts with the carbocation is ethanol. sar eihoxide ton: such a strong 
Dase Is nor preset qn a solvolysis reaction: furthermore, if «significant amounts of such a base 
were added. elimination bs the E2 mechanism would be observed exclusiveis, The product of 
ka 9,5 3b is the conjugate aetd o an ether. and it is a strong acid (Sec. 8.7. 

The tina] step of the substitution reaction is à Bronsted acid -Dase reaction in which the pro- 
tonated ether tthe Bronsted acid) loses a proton to sobeent бе Bronsted baset to give the ether 
and the conjugate acid ot the solvent. 


il 
п . + 
(СО К BT ч” (CHGRC-—OCUI, © HORSE, Bro ЗЕТ 
| Гом form 
H = ol HBr im ethanol? 


^ 


HOCH 


The Bronsted base involved in this reaction is ethanol. not ethoxide jon. As we noted in dis- 
vusstig the previous step of the reaction. ethoxide ton is not present; nor gs 1t üeccessars. bee 
cause the protonated ether is a strong acid. Notice that the protonated solvent plus bromide ion 
(that ts, C.HLOH. Br ris the form of tonived HBr in ethanol solvent. 

A subsritution mechanism that invi yes a carbocation intermediate is called an $1 mech- 
anism. Substitution reactions that take place by the S4! mechanism are called S41 reactions. 
The meaning of the S4] “nickname” is as follows: 


S.l 
p | Tue 


nus ири! 


Substitution игил аг 


The word iminmelecatar means that a single molecule the ШАХ halide—is involved in the 
rate-hmnmitime step. 

Sow consider the formatian of the elimination product ef Eq. 9.51; which insolves a dil- 
ferent reaction ef the carbocation mtermediate. Loss ol a B-proton (a proton trom the carbon 
adjacent to the eleciron-deticient carbon) gives the alkene. 


(Hi, CH. H 
MER T | ra / + “+ 
Н==СН. 2-с 187 -— н,С=с + Q—tU.h Bri” 13,544 
£ $ ы x a Ж 
~ CIT СН; Н 
М. 


Б | onized form of 
Fit ale H Br in ethanol; 
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The hase that removes a B-proton. from the carbocabion is peal a solvent molecule. 
Although ethanol is a very weak hase. the reaction occurs readily because ethanol. as the sof- 
vent, is present in vers high concentration and because the carbocation 15 a very strane Bron- 
sted acid (its pA) has been estimated to he ahout = 8, The base is not ethoxide Ton; no ethox- 
ide ion is present, Notice that ronized HBr is produced in this reaction as well. 

А fB-climination mechanism that involves carbocation intermediates is called an El mech- 
anism; reactions that occur by El mechanisms are called El reactions. The meaning of the 
E] "nickname" is as follows: 

E] 
ZON 


elimination unimolecular 


Rate-Limiting and Product-Determining Steps 


The $. | and El reactions have e common rate-limiting step. That is, the rate at which the alky! 
halide disappears as it undergoes hoth competing reactions is determined by its rare of foniza- 
tion—1he rate at which it Forms the carbocation. The relative amounts of substitution and 
elimination products are determined by the relative rates of the steps that /efew the rate-Irm- 
iine мер: reaction of the solvent as а nucleophile with the carbocation to give a substitution 
product. and joss of a -proton to sobvent from the carbecation to gie the elimination prad- 
uct. For example, more substitution than elimination product is formed in Eq. 9.51. This 
means that the rate of formation of the substitution product [rom the carbocation is greater 
than the rate of formation of the elimination product. Because the relatise rates of these steps 
determine the ratio of products. they are said to be the product-determining steps. Notice 
thal the rates of the product-deterimining steps have nothing to do with the rate at which the 
aiki halide reacts. 


CH, 


rate-limiting step: the rate of this step is the | 


rate at which alkyl halide disappears 


СНС — Br 


(LWW мер»! 


T = 
"OHO ER E + С.Н ОН. Br 


" i "d CH, 


ae ]40—* Bro , 


C Hc 


+ 
——— CCH: £CH,OH, Вг” 
CHOH i mE І 
HC 


product-determining steps: the relative rates of these steps 


determine the relative amounts of different products (9.551 


The reaction [ree-enerev diagram in Fig. 9.11 summarizes these ideas. The first Мер, 1on- 
ization of the alkyl halide to a carbocation. is the rate-limiting step and thus has the transition 
state of highest Iree energy. The rate of this step ts the rate at which the alkyl halide reacts. The 
relative free-energy barriers for the produet-determining steps determine the relative amounts 
of products formed. 


Analogy for Product-Determining Steps 


Imagine a very slow toll collector on a very busy freeway near Chicago. After drivers go through the 
toll booth, they can choose to go either south to Indiana or north to Wisconsin. Suppose that the 
rate at which cars pass through the toll station is determined by how rapidly the collector works. 
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Toli-taking is then the rate-limiting step in the progress of cars past the station, The relative num- 
bers of drivers that take the turnoffs to Wisconsin and Indiana determine the relative numbers of 
cars that end up on the highways to the two destinations. Entering a turnoff is analogous to a prod- 
uct-determining step. If more drivers turn off for Indiana, the гате at which cars enter the highway 
to Indiana is greater than the rate at which cars enter the highway to Wisconsin. However, the total 
rate at which cars enter both highways is determined only by toli-taking—the rate-limiting step. 


The competition between the Si and El reactions is different from the competition be- 
tween the 5,2 and E2 reactions. The latter two reactions share nothing in common but starting 
materials: they folles completely separate reaction pathways with no common intermediates. 


«ubstibution 


5 Ж" prod uct 


aikyl halide | (9 56 

, MN eM 
+ Lewis base] =A i 
alkene(s! 


In contrast, Ше 5, ] and El reactions of an alkyd halide share not only common starting materials. 
but aso à common rate-Iming step. and hence e commen бепне ате ће carbocation. 


substitution 
Product 


alkyl halide — TNE ЗЕР x. carbocation ing 
alkenets] 
e te Е 
СНС Вт 
+ С.Н;ОН 


rate-limiting 
step — 


two reactions of the carbocation 
4 (product-determining steps) 


4- 

(CH3)4C—Br (CHijC— CH; + Co3HSO0H: Br. 
T. + 

+ С-Н;ОН (CHi4C— O-H; + C-H:OH- Br 


STANDARD FREE ENERGY 


reaction coordinate 


Figure 9.11 Reaction free energy diagram for the 5,1-E1 solvolysis reaction of (CH, CBr with ethanol. The rate- 
limiting step, ionization of the alkyl halide (red curve}, has the transition state of highest standard free energy, The 
relative rates of the product-determining steps (ive curves) determine the relative amounts of substitution and 
elimination products. In this example, the energy barrier for the substitution reaction is lower: hence, the substitu 
tion reaction is faster than the eliminatian reaction, and more substitution than elimination product is observed. 
{The final proton transfer required ta form the substitution product is not shown explicitly.) 
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[n the E] reaction. the proton is nol removed from the alkyl halide. as it is in the EZ reaction, 
but from the curbocation, Because the curbeculion is a strong acid. a strong Base ts nol re- 
quired Por tlie El reaction as itis for the 122 reaction. 


Reactivity and Product Distributions in S, 1-E1 Reactions 


бы El reactions are mast rapid with tertiary alkyl halides. they occur more slow)]y with see- 
ondary alky | halides, and they are never observed with primary alkyl halides. 


Reactivity of alkvl halides in МР or EI reactions 
levis = > secondary c = primary ERE 


The exact relative reactivities vary with conditions. particularly the solvents as an example, 
tert-butyl bromide is 1150 times more reactive than oprop | bromide in ethanol, and about 
O^ times mere reactive in water. The relative reactivity of primary alkyl halides in S41 or EI 
reactions is not know n with certainty because thes do not react at all by this mechanism. 

Notice that this reactivity order is expected from the relative stability of the corresponding 
carbovation intermediates. Hammond's postulate (Sec; 3.3 suggests that the rate-limiting 
transition state of an S1 or EI reaction should closely resemble à carbocation. 

The reactivity order of the alkyl halides in SSP EL reactions is fluorides << chlorides -~ 
bromides =. iodides. This is the same reactivi order obsersedon 8,2 amd E2 reactions. This 
relative reactivity is expected because the leaving group in the Sot -E1 reaction has much the 
ume roje as 1t does in the E2 and S42 reactions. That is, the bond to the halide is breaking im 
the rate-limiting step. und the halide is taking on a negauve charge and an additional un- 
shared electron pair. 

S, I-E] reactions are Fastest in polar. prone. donor solvents, This is the result expected in 
a reaction for which the rate-limiting step is à dissociation of à neutral molecule into tons of 
opposite charge. Голі dissociation 15 favored by solvents that seperate ors (bat is; polar sal- 
venis—solvents with a high dielectric constanti, and by solvents that severe bons chat is, pro- 
uc. donor solvents). The rate-limiting sep of an S,1-El reaction is not very different concep- 
tually [rom the dissolution of an ionic compound (Sec; 8.4B 3: both processes hinge on the 
stabilization of janie species by the solvent. The eritical role of solvent shows that S41 and EI 
reactions cannot truly be the unimolecular processes suggested by their nicknames. In the 
Lransibion states of these reactions, solvent molecules must he actively involved in solvang 
the developing Tons. 

When an alkyl halide contains more than one type of B-hidrogen. more than one type of 
elimination produet сап be formed. As in the E2 reaction, the alkene with the greatest number 
of alks | substituents at the double bond ts usually formed in greatest amount; and the ratio of 
alkene (ET? to substitution product (5.1) ts greater when the alkene formed contains mare 
than two alkyl substituents at the double bond. The following examples illustrate both of these 
points. 


two alkyd substituents 
iom the double bond 


И / : 
CH; LC / Cid, 
: . МАС ^ 1 А | " . T 
H:i — — Пг  ————9- мо [дд ие € EHO Br — 19,5991 
E Z - | "ian ur à 
CH, Ha CH, 
I 1S5 elimination PS 1 substmution 


product product | 
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CH, CH, n B HG gH 
H4 a ВГ aaa C m + C=C 
- SEIL CH. HAC. CHi 


malor pomer formed; 
has four alkyl substituents 
on the double bond 


Ly elimination products? 


CH, CH. CHI; Cil, 


| | | | 


+ 
IC —CH—C—0O0ll + HCH COC. + CHOH, Bro + HOt Віт (80h 


CH, CH 


[384 substitution products | 


In Еч. 9.59. relatively Ише alkene is formed. In lig. 9.59hb, a greater proportion of alkene ts 
lormed. [n addition. нъ Бар. 9. 59b. two alkenes are lormed corresponding to loss of the (wo 
(pes of B-hsdrosens m the alki halide starting material: and the alkene formed in major 
amount is the one with the greatest number of al&vE substituents on the double bond. 

Finally, rearrangements are observed in gertn solvolysis reactions. 


CI CER (Н. H, 
| | | ИТП | | * other 
Ha —¢?—— CE} —C ] —— HU € НН: - ILOH. CI = ШЕП 
С ДО “А я products 
CH. OUCH, 


Recall that rearrangements are a telltale sign of carbocation intermediates (See. 4.71). bor ex- 
ample. the secondary carbocation intermediate imtiaily formed in Eq. 9.60 rearranges to à 
more stable tertiary carbocation: the nüecleophilie reaction ol solvent with this earbocation iw- 
counts for the product shown (Problem 9.261, 

The different products that can be formed in Sol -E 1 reactions releet three reactions of var- 
hocation intermediates that vou have now studied: 


|. reaction with a nucleophile: 
3. loss ol a B- proton: and 
А. rearrangement fo à new earbocation followed by (Er or c2. 


Although sob olysis reactions of ШКУ halides and related compounds have been extensively 
studied because of their ventral role in the development of carbocation theory. ах а practical 
matter S, | - E] reactions of alhs | halides are not vers useful for preparative purposes because 
nixtures of products are invariably formed cunless the alkyd halide has no §-hvdrogens ir. How - 
ever, an understanding of the S4] amd Ei mechanisms is important because these mechamsgs 
бсш талу reactions or aleohols, ethers. and amines that ere vers useful. 


PROBLEMS ag | r . x 
90,25. Give all the products iat might be formed when each of the following alkyl halides under- 


goes solvobysis in aqueous ethanol. Of the alkenes formed, which should be the major one(s)? 
(a) 3-chlaore-2.3-dimethybutane (the alkyl halide in Eq. 9.60) (b) 2-bromo-2-methylbutane 

9.26 Write a curved-arrow mechanism for formation of the rearrangement product shown in 
Eq. 9.6. 
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D. Stereochemistry of the S,,1 Reaction 


Let's try to predict the stereochemistry of the 5, 1 reaction using the reaction mechanism. Be- 
cause carbocations have trigonal planar geometry, they are achiral (assuming no asymmetric 
carbons elsewhere in the molecule). Hence, the products that result from the reaction of nucle- 
ophiles with a carbocation must be racemic (Sec. 7.8A). The way racemic products would 
form mechanistically ts shown in Fig. 9.12. 

Let's see whether the experimental facts are in accord with this prediction. When (&j- 
6-chloro-2,6-dimethyloctane. a chiral tertiary alkyl halide. undergoes solvolysis in aqueous 
acetone, the substitution products are only рала у racemized. and net inversion of configu- 
ration 18 also observed. 


єн, 
: 60^ elimination dins. 
m | „Р... + Hio 80% aqueous products + HOT CIT + 
(CH); CHCH;CH;CH? / Cl acetone 
CHCH, 
ae , „Н CH 
(R)-6-chloro-2,6-dimethyloctane T " | : 
С T C. 
a y me, Ua a) e БЕРЕР 
(CH,),CHCH,CH,CH; ў OH HO CH;CH;CH:CH(CH) 
| R]-product (39.5%) ($}-product (60,596) (9.61) 
fully solvated, achiral 
carbocation 
R R! R! 
CLG: a Н.б:--= --:0H; —> HO—C, + ,C—OH + HC 
Ross | р? gp? 
2p orbital — ——— MÀ 
equal amounts 
(racemate) 
О 
29 С ы 
Н H 
O | 
г. "а iatis | 
H H---:CI: Ho H 
| O 
fully solvated H ы 
counterion Q 
| 
H 


Figure 9.12 The stereochemical consequences of the 5,1 reaction of a chiral alkyl chloride, If the reaction pro- 
ceeds through a free carbocation, the carbocation is achiral and the product of nucleophilic reaction with the car- 
bocation must be racemic (barring asymmetric carbons in any of the three substituent groups R', В, or R^) The 
racemic product results from equal probability of reaction of the nucleophile (water in this example) at each of 
the two lobes of the 2p orbital of the carbocation 


l l "ET 
———— 


9.6 THE 5,1 AND E1 REACTIONS 419 


This result corresponds to 21% inversion and 79% racemization. The 79% figure is calculated 
from 39.5% of the (&)-product plus the same fraction of the (5)-product: the remaining (5)- 
product (60.5% — 39.5% = 21%) equals the net fraction of inversion. How can we account 
tar inverted product if a free carbocation is a reactive intermediate? 

First, be sure you understand that the stereochemical inversion cannot result from 21% of an 
Sx2 reaction because the reaction in Eq. 9.6] proceeds thousands of times faster than the 5,2 
reactions of primary alkyl halides in the same solvent, and a-branching retards 5,2 reactions. 

This result actually tells us something important about both the role of the solvent and the 
lifetime of the carbocation (Fig. 9.14). A mechanism that can account for this result assumes 
that the first reactive intermediate in the S,1 reaction is an fon pair (Sec. 8.4B)—a carboca- 
tion intimately associated with its counterion, which. in this case, is the chloride ion. Notice 
that this 10n pair (which includes the chloride ion) 15 still a chiral species. The chloride ton 
blocks the access of solvent to the front side of the carbocation. Solvation of the carbocation 
in this ion pair occurs from the backside only; backside substitution by the solvent molecule 
involved in this interaction results in inversion. In a second step of the reaction, the chloride 
ion escapes into the surrounding solvent, leaving the carbocation solvated on both front and 
back sides by solvent. This symmetrically solvated carbocation is now achiral and can, with 
equal probability, react at either face with solvent to give racemic product. The occurrence of 
both racemization and inversion in Eq. 9.61 shows that both types of carbocations—ion pairs 
and free ions—are important in determining the products of 5,1 reactions, According to this 
mechanism, 21% of the product comes from the ion pair, whereas 79% (half А, half <) comes 
from the symmetrically solvated ion, The exact percentages of each vary from case fo case. 


lon patr; 
carbocation is solvated fully solvated, achiral 
at back side only carbocations 


HO: —- --i0H + :CI 
А fully solvated 
2p orbital counterion 
reaction with Н.О: reaction with H20: 
R! R! R! 
REE A Hcl HO— C., T „+ MH + HCl 
R- R- Re 
Inversion racemizauion 


Figure 9.13 The ion-pair mechanism for carbocation formation in the S,1 reaction. The reaction of the solvating 
solvent molecule with the carbocation in the ion pair occurs from the side opposite the departing chloride and 
gives inverted product. (Notice that the ion pair is chiral.) The fully solvated ion is formed when the chloride coun- 
terion diffuses away and itself becomes fully solvated. (Its solvation shell is not shown explicitly) The fully solvated 
carbocation is achiral and gives racemic products. 
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The occurrence of some inversion also shows that the lifetime of a terian carbocation is 
very small. TE takes about 107^ second for a chloride counterion to diffuse шм ау from a carbo- 
cation and he replaced by solvent. The carbocations that undergo inversion do not last lone 
enough Cor this process to take place. The competition of backside substitution ам св eives 


Inversion wih racemizaien Shows that the Hetime of the carbocation is approximately in 
this range. In other words. a typleal tertiary carbocation exists For about 1077 second before it 


Is consumed by its reaction with solvent. This yery small Неше provides a graphie 


illustration just how reacts e varbocatiens are. 


PROBLEMS «79 . ы T 
9.27 The optically active alkyl halide in Eq. 9.61 reacts at 60 ^C in anhydrous methanol solvent to 


give a methyi ether A plus alkenes. The substitution reaction is reported to occur with 66% 
racemization and 34% inversion. Give the structure of ether A and slate how much of each 
enantiomer of A is formed. 


9.28 In light of the ton-pair hypothesis, how would you expect the stereochemical outcome of an 


Syl reaction (percent racemization and inversion) kr dilfer [rom the result discussed in this 
section for an alkvl halide that gives a carbocation intermediate which is considerably (a) 
more stable or (bi less stable than the one involved in Ец. 9.617 


E. Summary of the S,1 and E1 Reactions 


Lets summarize the important eharaeteristies ol the 8,1 and Eb reactions. 


B 


b 


tad 


nL 


ñ. 


Tertiary. and secondary. alkyd halides undergo solvolysis reactions by the $S 1 and El 
mechanisms: tertiari alk | halides are more reactive. 

H an alksl halide has 6-hydrogens, chimination products formed bs the EJ reaction av- 
company substitution produgts formed by the S41 mechanism. 

Both So) aml EI reactions od à sen alkyl halide share the same гас Гитт step: pon- 
ition el the alkyd halide to form a carbocation, 

The Sl and KE reactions are first order in the alka | halide. 

S1 und El reactions differ in their product-determining steps; The produet-delermining 
step m the 5] reaction is reaction of a nucleophile with the carbocation intermediate. and 
i the EI reaction. Joss of à @-proton from the carbocation intermediate. 

Carbocation rearrangements occur when the Initialls. formed carbocation intermediate 
van rearrange lo a more stable carbocation, 

The best leasing groups are those that give ihe weukest bases as products. 

The reactions are accelerated by polar. prote. donor solvents. 


. SX T reactions of ehiral alkyl halides gne largely racemized products, but some inversion 


ol configuration ах also observed. 


SUMMARY OF SUBSTITUTION AND ELIMINATION 


REACTIONS OF ALKYL HALIDES 


This chapter hus shown that substitution and elimination reactions of alkyl halides can occur 
hy a variety of mechanisms. Although each type of reaction has been considered separately, a 


practical question to ask is whal type of reaction is likely to occur when a given alba} halide ts 


subjected 10 a particular set or conditions. 
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When asked to predict how a given alkyl halide will react, you must first answer three 
major questions. 


1. Is the alkyl halide primary, secondary, or tertiary? If primary or secondary, is there a 

significant amount of аку substitution at the B-carbon? 

Is а Lewis base present? If so, is it a good nucleophile, a strong Bronsted base, or both? 

Most strong Bronsted bases. such as ethoxide, are good nucleophiles; but some excel- 

lent nucleophiles, such as iodide ton, are relatively weak Bronsted bases, 

3, What is the solvent? The practical choices are limited for the most part to polar protic 
solvents. polar aprotic solvents, or mixtures of both. 


ra 


Once these questions have been answered. a satisfactory prediction in most cases can 
be obtained from Table 9.7. which is in essence a summary of this chapter. Before ustng 
this table, vou should consider each case and why the conclusions are reasonable, returning 
to review the material in this chapter when necessary. Study Problem 9.2 illustrates the prac- 
са] application of the table. 


TABLE 9.7 Predicting Substitution and Elimination Reactions of Alkyl Halides 


Entry Alkyl halide Good Strong Bronsted Type of Major reaction(s) 
no. structure nucleophile? base? solvent?* expected 
1 Methyl Yes Yes or No PP or PÀ OW 
2 Ргігпагу, Yes No PP or PA E 
unbranched 
3 Yes Yes , PP or FA 52 
unbranched 
4 Primary with Yes Yes, PP or PA EZ + 52 
B-substitution unbranched 
3 Any primary Yes Yes, PP or PA ESTEE 
branched 
6 No No PP or PÀ No reaction 
7 Secondary Yes Yes PP or PÀ E2; some 5,2 with 
isopropyl halides; 
only E2 with a 
branched base 
8 Yes Na PA эм 
9 Мо Мо РР 5,1 -E1 
10 Мо Мо РА Mo reaction 
11 Tertiary Yes Yes PP or PA E2 
12 Yes Мо РР 5,1 =Е1 
13 Yes No РА no reaction, or 
very slow 5,2 
14 Мо Мо РР Sy l-E} 
15 Мо Мо РА No reaction 


*Solvent types are PP = polar protic; РА = polar aprotic. The 5,2, E2, S, 1, and E1 reactions are rarely if ever run in apolar 
aprotic solvents except with the mast reactive alkyl halides. In these cases, the results ta be expected are similar to 


those above with polar aprotic {РА} solvents. 
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Study Problem 9.2 


What products are formed, and by what mechanisms, in each of the following cases? 
(a) methyl iodide and sodium cyanide (NaCN) in ethanol 

(b) 2-bromo-3-methylhutane in hot ethanol 

(c) 2-bromo-3-methylbutane in anhydrous acetone 

(d) 2-bromo-3-methylbutane in ethanol containing an excess of sodium ethoxide 

(e) 2-bromo-2-methylbutane in ethanol containing an excess of sodium iodide 

(f) neopentyl bromide in ethanol containing an excess of sodium ethoxide 


Solution 

(a) Methyl iodide and sodium cyanide (NaCN) in ethanol. This case corresponds to entry | in 
Table 9.7. Because a methyl halide has no B-hvdrogens, it cannot undergo a B-elimination re- 
action, Consequently, the only possible reaction is ап S,2 reaction. Because a good nucle- 
ophile (cyanide) is present (see Table 9.4, Fig. 9.5), the product is H,C—CN (acetonitrile), 
which is formed by the 52 mechanism. Although protic solvents are not as effective as polar 
aprotic ones for the 5,2 reaction, they are useful for reactive alkyl halides such as methyl io- 
dide. However, the reaction would be faster if it were carried out in a polar aprotic solvent 
( Table 9.6). 

(h) 2-Bromo-3-methylbutane in hot ethanol. This is а secondary alkyl halide. (Draw its structure 
if you have not done so!) The conditions involve no nucleophile or base other than the sol- 
vent, which is polar and protic. This situation is covered by entry 9 in Table 9.7. Because the 
solvent ethanol is à poor nucleophile and a weak base, neither 5,2 nor E2 reactions can occur. 
Because polar protic solvents promote the S,,1 and El reactions, these will be the only reac- 
tions observed: 


Br OCH, 
H,C—CH—CH—CH, Shon S йл Жү) майны. + 
CH; CH, 


Snl product 
OCH; 
H,C=CH—CH—CH, + E 7 + H,C—CH,—C—CH; + „лса. 


CH; СН; CH; CH; 
a m a a 
El products rearrangement products 


Notice the rearrangement products. ( You should show how these arise from the initially 
formed carbocation intermediate.) Any time the S,1 or El reaction is expected, the possibility 
of rearrangements should be considered, especially when the initially formed carbocation is 
secondary. Finally, “hot” ethanol is necessary hecause the alkyl halide is secondary and is less 
reactive in the S, 1—E1 reaction than a tertiary alkyl halide would be. 

(c) 2-Bromo-3-methylbutane in anhydrous acetone. The alkyl halide from part (b) is subjected to 
conditions in which a good nucleophile is not present (по S,,2 possible), no strong base has 
been added (no E2 possible), and a polar aprotic solvent is used. In this type of solvent, 
carbocations do not form: hence, the Syl and El reactions cannot take place. Entry 10 in 
Tahle 9.7 predicts that no reaction will occur. 

(d) 2-Bromo-3-methylbutane in ethanol containing an excess of sodium ethoxide. The alkyl halide 
from parts (b) and (c) is subjected to a strong base in a protic solvent. This situation is covered 
by entry 7 in Table 9.7, The 5,2 reaction is retarded by both а- and -alkyl substitution, hut 
the E2 reaction can take place. Although an S,1—E1 reaction is promoted by the protic solvent, 


ая 


STUDY GUIDE LINK 9.3 
Diagnosing Reactivity 
Patterns in 
Substitution and 
Elimination Reactions 


(e) 
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the rate of the E2 reaction is greater because of the high base concentration. The rate of the E2 
reaction is first order in base (Eq. 9.33, p. 400), whereas the rates of the S1 and БІ reactions 
are unaffected by the base concentration (Eq. 9.52, p. 412). The products are the following two 
alkenes: 


СН; CH; 


The second of these predominates because of the greater number of alkyl substituents at tbe 
double bond. 

2-Bromo-2-methylbutane in ethanol containing an excess of sodium iodide. This is a tertiary 
alkyl halide in a polar protic solvent containing a good nucleophile but a weak base (iodide ion). 
Entry 12 of Table 9.7 covers this situation. The polar protic solvent promotes carbocation forma- 
tion, and hence the S,1 and El reactions are observed. The Sy! products are the following: 


CH; CH; T^ 
+ 
CHaCH;C — Br + Nal HoH CH;CH;C—1l RE CH4CH;C — OC,H; = C;H;OH; Bro 
са | | (ionized form of 
CH; CH; CH, НВг in ethanol) 
A B 


(f 


p 


Product A arises from the Lewis acid-base association reaction of the nucleophile I~ with the 
carbocation intermediate, and product B is the solvolysis product that results from the reaction 
of the solvent with the same carbocation; ionized HBr is formed as a byproduct. Which prod- 
uct (А or B) is formed in greater amount? It depends on how much iodide ion is present. The 
more iodide there is, the more effective it will be in competing with the solvent ethanol for the 
carbocation. Furthermore. because iodide is also a good leaving gronp, compound A could 
react further to give compound В. also by an $y! reaction. You would have to monitor the re- 
action carefully to maximize the yield of A, if that were your objective. Because the El reac- 
tion always accompanies the $,,1 reaction of an alkyl halide with B-hydrogens, some alkenes 
are also formed; you should draw their structures. No rearrangement products are predicted, 
because the carbocation intermediate is tertiary. 

Neopenty! bromide in ethanol containing an excess of sodium ethoxide. This is a primary 
alkyl halide with three B-alkyl groups [(CH,),C—CH,—Br]. Without thinking further about 
the structure of this alkyl halide, you might conclude that entry 4 of Table 9.7 would cover 
this case. However, because there are no B-hydrogens, no elimination is possible. Neopentyl 
halides are essentially unreactive in S42 reactions (Table 9.1). and, because primary alkyl 
halides do not form carbocations, neither an E1 nor an 5,1 reaction is possible. Thus, this 
alkyl halide is essentially inert. If the reaction mixture were heated strongly, a reaction might 
occur after a few days, but the correct prediction is "no reaction." 


PROBLEM | 
9.29 Predict the products expected in each of the following situations, and show the mechanism of 


any reaction that takes place using the curved-arrow notation. 

(a) 1-bromobutane in methanol containing a large excess of sodium methoxide 

(b) 2-bromobutane in rert-butyl alcohol containing a large excess of potassium fert-butoxide 
(c) 2-bromo-1.1-dimethylcyclopentane in ethanol 

(d) bromocyclohexane in methanol, heat 


424 CHAPTER 9 • THE CHEMISTRY OF ALKYL HALIDES 


CARBENES AND CARBENOIDS 


A. a-Elimination Reactions 


You've learned that B-elimination is one of the reactions that can occur when certain. alkyl 
halides contumning B-hs drogens are treated with base; When an alkyl halide contains no g-hs- 
drogens bul has an echsdrogen, а different sort of base-premoted elimination is sometimes 
observed. Chloroform is an alks | halide that undereoes such a reaction. When chloroform. a 
weuk acid wilh pK, = 25, is treated with an alkoxide base such as potassium fert-butoxide. a 
«mall amount of its eonjugate-base anion is formed. 


» РА 
(CHC OT НСС, «SE (СНС: — OH = щч 19.62 
tert-butoxide chloroform tert-butyl alcohol trichloremethyl 
anion 


This anion van lose a chloride ion to eive a neutral species called сотон Мене. 


A" 
MN Ci 
т 
C <> «C xU s LOIDI 
i an 
МЛ | 
Cl C] 
trichloromethyl dichloromethylene 
anion 


Dichlorumeths lene ts an example of à carbene a species with a divalent carbon atom. 
Dichloremethis lene has only six valence electrons on carbon: in other words. its carbon is lwo 
electrons short of an octet; Carbenes are unstable and highly reactive species. 

The formation of dichloromethyleng shown in Eqs. 9.620 and 9.626 involves an elimina- 
tion of the elements of AC) from the sime earhon atem. An elimination of two groups from 
the same arem is called an e-elimination. 


| 
R! H k 
M A i Ф 
i —_ (.: — H— X: Lua-elimination! КА 
rd a .. / is 
Ho X R- 


Chloroform cannot undergo a -elimination because 1t has no 6 hydrogens. When an alkyl 
halide has B-hydrogens. B-elimination oceurs in preference to a-elimimation because alkenes, 
the products of B-elimination, are much more stable than carbenes. the products of e-elimina- 
поп. For example. CH ;CHCI- reacts wath hase to form the alkene Н.С-=СНСЄ1 rather than 
the carbene НС СС, 

The reactis ity of dichioromethi fene follows [rem its electronic structure; The carbon atem 
of dichloromeths lene bears three groups (to chlorines and the lone pair) and therefore hus 
approximately trigonal planar. geometry. Because trigonal planar carbon atoms аге spr-hy- 
bridized, the CI—€ — Cl bond angle is bent rather than Tinea. the unshared pair of eleeirons 
cecupies an spr orbital, and the 2р orbital is vacant: 
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unshared electron 
' ' ^ E 
pair in an sym orbital 


Because diehteremeths lene lacks an electronic octet it is an efecrrem-defiient compre 
amd ean accept an electron pair: in other words, dighloromethvlene is à powerful Lewis acl 
or elecirophile. On the other hand. an atom wath an unshared electron pair ean react as а n 
серле. The divident carbon of dichforomethylene, with its unshared electron pair. fits in 
this category as well. Indeed. the divalent carbon of a carbene eun aet as a nucleophile and : 
eleeirophile al the same tine! 

An трат reaction ol carbenes that Bis this analysis is esetopropane formation. Wh 
Jiehloroemerhs lene is generated in the presence ef an alkene, a eveloprepane is formed. 


P a 
| олду, | \/ | 
MCG) a (CH pE 0: K* o (CH СН. ж ÁN + ACE + (CIUS C — O0 
chloroform potassium 2-methylpropenc СН. СИ. 


Iert-butoxide 
1,1 -dichloro- 
2,2-dimethylcyclopropane Co ty 


In general. reaction. of. a huloform with base in the presence of an alkene yields 
LL -dthiloevelopropane, We can envision the mechanism of this reaction us а беспен slej 
Wise process ds we did for other clectrophilie additions in Chapter 5. The empl 2p orbital є 
the carbene carbon is an electrophile and can receive the donation of alkene m electrons. As 
result. à carhocation and ап anion are formed. and they react in an intramolecular Lew 
actd -hase association fo give the eyelopropane, 


lili R R R R R R 
See b: WP. 
Ag e " ne: electrophil ps 
ChC аа ——- ELE ——» Ul | I 
zii e "nucieophii P et Г e 6 
P / ^^ хх “м. 
H H R R R 


nucleophile 


[n reality, the mechanistie evidenee about this reaction sugeests hat i OCCHES ах a concerti 
process that ts. tn a single Мер, 


R R R R 
ыг p" 
CC Ns 
CLE | — UE | 19.6 
= 3 kg 
PON 5 
К I? К H 


l'or example. the concerted mechanism in Eg. 9.66 requires he reaction to be a stereospeei 
«va-addition, (A concerted с-а поп would he impossible because it would require tl 
carbene carbon to add simultaneously to opposite laces of the alkene.) A avar-addition requir 
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that the eis and trans relationships of the R-groups on the alkene are maintained in the eyclo- 
propane product. as the following examples illustrate. 


СН. | 
11 CH, \ 
Bo c] uH 
CCl. + | — Cis methyl groups (S bul 
С. C] Н 
li” “CA: | 
CH 
crs-2-butene 
CH; 
H CH 
i d C] LH 
Ыы = | EE S trans methyl groups iU 67h! 
. | "СН, 
Н CU ^H 


H 


trans-2-butene 


PROBLEMS 9.30 What alkyl halide and what alkene would yield cach of the following cyclopropane 
derivatives in the presence of a strong base? 


(a) Br b) Ph H 
H: CH; 

Br 
H.C CH, 


(Hint for part th): The hydrogens on a carbun next to a benzene ring, or Ph group. are panic- 
ularly acidic. | 

9.31 Predict the products that result when each of the following alkenes reacts with chloroform 
and potassium tert-butexide, Give the structures of all product stereoisomers. and, if more 
than one stereoisome;r 15 formed, indicate whether they are formed in the same or different 
amounts. 
(а) cyclopentene (b) (R)-3-methyleyclohexene 


B. The Simmons-Smith Reaction 


Cyclopropanes without halogen atoms сап be prepared by allowing alkenes to react with 
methylene iodide (HCI) in the presence of a copper-activated since preparation. called а 
tiie capper couple. 


Zn сило 


T CHI: 1 Znl. (Of 
cyclohexene methylene bicyclo[4. E.0] heptane 
iodide (norcarane) 


| 59h, vield ] 


This reaction is called the Simmeons—Smith reaction to recognize the two DuPont chemists 
who developed it in. 1959, Howard E. Simmons and Ronahi D. Smith. 
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The active reagent in the Simmons-Smith reaction is believed to be an e-halo organemetal- 
lig compound, a compound with halogen and a metal on the same carbon. This species сап 
form hy a reaction analogous to the formation of a Grignard reagent (See. BRAN 


CH; - Zn ——= l1—UCH; — Znl 10,69) 
Simmorns-5mih 
reagent 


From the discussion of the reactivity of carbenes with alkenes in the previous section, the 
evelopropane product of the Simmons—Smith reaction is what would be expected if the par- 
ent earhene methylene CH.) were a reactive intermediate. Free methylene is not involved 
in the reaction. because. free methylene. generated in. other ways gives not. only 
cyclopropanes. but other products as well, However. the Simmons—Smith reagent can be 
conceptualized as methylene that is coordinated (loosely bound) to the Zn atom. This view 
Is reasonable, first, hecause the carbon-zine bond polarity is the same as the carbon—muag- 
nesium bond polarity in a Grignard reagent (Sec. 8.8B 3: 


x - 7 к 
СИИ reacts as 1f it were 1—С Н. Znl (9.70) 


an а-па» carbhanion 
and second, because ап echalo carbanion loses halide ion to give a carbene (see Eq. 9.62by 


methylene 
! 
UE TS t h h _ а s „еў 
СН žnl ж E CH, Znl 9713 
coordinated 
to the Zn 


Reaction of this "coordinated methylene” with the alkene double hond gives a cyclopropane. Be- 
cause they show carbenelike reactivity, а-ро organometallic compounds are sometimes called 
carbenatds. A carbenoid is à reagent that is not a [ree carbene but has carhenelike reactis ity. 

Addition reactions of methylene from Simmons—Smuh reagents to alkenes. [tke the reac- 
tons of dichloromethylene, are sva-udditions, 


- |. Cll, 
\ : : : Ai ty : А GTI. 
7 + CHLL — —® CIs; omit LT (O72 
x ote 
H I] methylene H H 
iodide cis-1,2-diethylcyclopropane 
cis-J-hexene 
COH. 1 
РА ae 
к | GHAL аар (9. 72hi 
ÁN | e" 
H Calls methylene Н Um 


iodide | . | 
frans-3-hexene [rans- 1,2-diethylcyclopropane 


Addition of carbenes or carbenuids to alkenes to yield evclopropunes is a reaction iat 
forms new carbon carbon bonds. Reactions that form carbon-carbon bonds are especially 
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important in organic chemistry because they can be used to build up larger carbon skeletons 


from smaller ones. 


DURS 9.32 Give the structure of the organic produci expected when H,C1, reacts with each of the follow- 
ing alkenes in the presence of a Zn-Cu couple: 


(a) CZ)-3-methy]-2-pentene (b 
(2) у!-2-ре ФЕСЕТ 


9.33 From which alkene could each of the following cyclopropane derivatives be prepared using 


the Simmons—Smith reaction? 


KEY IDEAS IN CHAPTER 9 


Two of the most important types of alky! halide reac- 
tions are nucleophilic substitution and -elimination. 


Nucleophilic substitution reactions occur by two 
mechanisms. 


1. The 5,2 reaction occurs in a single step with in- 
version of stereochemical configuration and is 
characterized by a second-order rate law. It oc- 
curs when an alkyl halide reacts with a good nu- 
cleophile. It is especially rapid in polar aprotic sol- 
vents. Alkyl substitution in the alkyl halide at the 
a- or B-carbons retards the S,2 reaction and, if a 
good Brensted base is present, favors competing 
elimination by the E2 mechanism. The 5,2 reac- 
tion is most commonly observed with methyl, 
primary, and unbranched secondary alkyl halides. 


2. The $,1 reaction is characterized by a first-order 
rate law that contains only a term in alkyl halide 
concentration. This type of reaction occurs 
mostly in polar protic solvents. A very common 
example of this reaction is the solvolysis, in which 
the solvent is the nucleophile. Because the reac- 
tion involves a carbocation intermediate, it is pro- 
moted by alkyl substitution at the a-carbon. Con- 
sequently, the 541 reaction is observed mostly 
with tertiary and secondary alkyl halides. When 
the alkyl halide is chiral, the products of the 5,1 
reaction are mostly racemic, although some 
products of inverted configuration are observed 
in many cases. 


M Elimination reactions also occur by two mecha- 
nisms. 


1. 


The E2 mechanism competes with the 5,2 mech- 
anism, has a second-order rate law (first order in 
the base), and occurs with anti stereochemistry. It 
is favored both by use of a strong Bronsted base 
and by а- and f-alkyl substitution in both the 
alkyl halide and the base. It is the major reaction 
of tertiary and secondary alkyl halides in the 
presence of a strong Bronsted base. When ап 
alkyl halide has more than one type of B-hydro- 
gen, more than one alkene product is generally 
obtained.The alkene with the most alkyl substi- 
tution at the double bond is generally the pre- 
dominant product. 


The E1 mechanism is an alternative product- 
determining step of the 5,1 mechanism in which 
a carbocation intermediate loses a 3-proton to 
form an alkene.The alkene with the greatest 
number of alkyl substituents on the double bond 
predominates. 


The rate law indicates (except for solvent) the species 


involved in the rate-limiting transition state of a reac- 
tion, but not how they are arranged. 


À primary deuterium isotope effect on the reaction 


rate indicates that a proton transfer takes place in the 
rate-limiting step of a reaction. 
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B Ahaloform reacts with base in an a-elimination reac- ш Methylene iodide reacts with a zinc- copper couple to 
tion to give dihalomethylene, a carbene. Carbenes are give a carbenoid organometallic reagent (the Sim- 
unstable species containing divalent carbon. Dihalo- mons-Smith reagent). This reagent undergoes syn- 
methylene undergoes syn-additions with alkenes to additions with alkenes to give cyclopropanes. 


give dihalocyclopropanes. 


REACTION | REVIEW For a summary of reactions discussed in this chapter, see Section R, Chapter 9, in the Study 
Guide and Solutions Manual. 


ADDITIONAL PROBLEMS 


9.34. Choose the alkyl halide(s) from the following list of (1) sodium methoxide in methanol 
CHBr isomers that meet each criterion below. (D Mg and anhydrous ether. then D,O 
(1) I-bromohexane 
(2) 3-bromo-3-methylpentane 9.16 Give the products expected when 2-bramo-2-methyl- 
(3) IL-bromo-2,2-dimethyIbutane hexane or the other substances indicated react with the 
(4) 3-bromo-2-methylpentane following reagents. 
(5) 2-bromo-3-methylpentane (а) warm 1:1 ethanol-water 


; ! (b) sodium ethoxide in ethanol 
(a) the compound(s) that can exist as enantiomers ads 
n» не с (c) КІ in aqueous acetone 
(b) the compound(s) that can exist as diastereomers | 
(d) product(s) of part (b>) + HBr in the presence of 
peroxides 
(e) product(s) of part (b) + Hg(OAc), in THF-water, 
followed by NaBH, 
(P) product(s) of part (b) + BH, in THF, followed by 


alkaline Н.О, 


(c) the compound that gives the fastest 5,2 reaction 
with sodium methoxide 

(d) the compound that is least reactive to sodium 
methoxide in methanol 

(e) the compound(s) that give only one alkene in the E2 
reaction 

) = d hing at mus Dy Rol 
i PAAR eee AEN n pou m 9.37 Rank the following compounds in order of increasing 


| 542 reaction rate with KI in acetone. 
(p) the compound(s) that undergo an 51 reaction Lo 


give rearranged products (CH, ССІ (CH; СНС (CH4);CHCH,C] 
(hi the compound that gives the fastest S,1 reaction A B C 
9,38 Give the products expected when isopentyl bromide í l- CHCH;CH;CH:Br CH;CH;CH;CH;CI 
bromo-3-methylbutane) or the other substances indi- D E 


cated react with the following reagents. 
(а) KI in aqueous acetone 

(b) KOH in aqueous ethanol 

(c) K* (CH,),C—O7 in (CH,),C—OH 


9.38 Rank the following compounds in order of increasing 
S42 reaction rate with KI in acetone. 


(d) product of part (c) + HBr methyl bromide sec-butyl hromide 
(e) CsF in N,AN-dimethylformamide (a polar aprotic A B 
solvent) 


(H product of part (c) + chloroform + potassium rert- 3-(bromomethyl]-3-methylpentane 


butoxide C 
(gi product of part (с) + CHCl, in the presence of a 
Zn-Cu couple 
ih) Li in hexane. then ethanol D E 


|-bromopentane |-bromo-2-methylbutane 


430 


9.9 


40) 


9.4] 


9,42 
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Give the structure of the nucleophile that could be used 
lo convert iedoethane into cach of the following com- 
pounds in an 8,2 reaction, 
(a) CHCH,OCH.CH;CIH, 
ibi CEL ATEN 
(€) CH CHLOCH.CILCTILOCH, 
Cul} Ha 
CEILS | 


+ 
бес МСН ЄН. 17 


Give all of the productis) expected. including pertinent 
Мегди ки. when each of the Follow ing vom- 
pounds reacts with sodium ethoxide in ethanol. (D = 
deuterium = "Н. an isotope of hydrogen.) 


(a1 (Ai-2-bromoapentine (b) CELCIHSCIT, 


Tell which of the following alls] halides can sive onix 
one alkene, and which can give u misture of alkenes. in 
the E2 reactiem. 
(a) Br 


CH,CH-CCH. 


ibi "in c m Br 


- 


ndr CH Med KH 


CH, 
(с) Br 

x | 
есе 


o f 


CH, 


CH, 


In the Медное epher svitliesis, an alkoxide reacts 


ми an alkyl halide to gne an ether. 


(97 - К Х: —- R ÜR XT 
You are in charge of a research group tor и Jurge 
campans, Ethers Unlimited. and you have been 
assigned the task of synthesizing ferr-buts | 

methyl ether. (CH € — 0— CH, You have decided to 
deleeate this task to two of your statl chemists. One 
chemist. Ima Smart. allows (CIC — O^ K* to react 
with HC — E and indeed obtains a eoad yield of the 
desired ether. The other chemist. Dimma Hight, allows 
CHO Ма io react with (CH,},C—Br, To his 
suprise, no ether was obtained, although the alkyl 
halide could not be recovered from the reaction, 
Explain whi Dimma Lights reaction failed. 


F443 


9,44 


9.43 


U dn 


9.47 


Oth 


Propose а ss niliesis of elhs] neopets | ether. 
C.EHOCH C€(CH 3, from an ШКУ] bromide and ans 
other reagents. 


The banned insecticide ehienlane is reported ta lose 
some ofits chlorine and to Pe converted into other com- 


pounds when exposed te alkaline conditions. Explain. 


principal component 
ad chlondane 


What products are expected, including their stereo- 
chemistry, when (25,36 i-2-bromao-3-meths Ipentane is 
subjected to each of the following conditions’? Explain. 
(a) methanol centaining ап excess of sedium methioxide 


thy hot methanol containing no sedium methoside 


(a) Explain whs the compound gisen in part tay or Fig. 
PHO reacts to give a misture of 2-butene stereotso- 
mers in which onb the Z isomer contains deuterium. 

ibi Explain why the compound given m part ibi ot Fig. 
POG reacts to eve a mixture of 2-bulene stereopsc- 
mers in which onls the А isomer contains deuterium, 

(Нин: Convert the conformatiens shown ino a vcenfer- 

mation that allows the elimination lo occur s ith proper 


stereochemistry. | 


Which of the дол secondary alkyl fides reacts 
taster with ^ CN inthe 8,2 reaction? (2608: Consider the 


hybridization and geometry of the S42 transition state. ! 


> 1 


A E 


СН 1 


Explain why l-chiorohieye lo]? 2.) heptane. eren 

though it rs a dertiars alkyl Ва. is sinualls unreactive 
in the $41 reaction, (t has been estimated that itis 10. 0 
time as reactive as zezr-butyl chloride!) Aom: Consider 


the preferred geomet ot the reactive intermediate. t 


Ki 7 7 
D NE d 
tl 


|-chlorobicyclo| 2.2.1 |heptane 


9.49 Explain each of the following observations. 

ia! When benzyl bromide (Ph—CH,— Вг) is added to 
a suspension of potassium fluoride in benzene. no 
reaction occurs. However, when а catalytic amonnt 
of the crown ether [18]-crown-6 (Sec. 8.5B) is 
added to the solution, benzyl fluonde can be isolated 
in high vield. 

(bi If lithium fluoride is substituted for potassium fuo- 
ride, no reaction occurs even in the presence of the 


crown ether. 


9.50  Terr-butyl chloride undergoes solvalysis in either acetic 
acid or formic acid. 


OQ OQ 
| | 
HE — бео H—C—OH 
acetic acid formic acid 
Е = б € = 59 


Both solvents are protic. donor solvents, but they differ 

substantially in their dielectric constants є. 

(a) What is the S,1 solvolysis product in each solvent? 

(b) In one solvent, the 5,1 reaction is 5000 times faster 
than it is in the other. In which solvent is the reac- 
tion more rapid, and why? 


9.5] Suppose that СН, is added to an ethanol solution 
containing an excess of both Nat CH,CH.O" and 
K' CH,CH,S' in equimolar amounts. 
(a) What is the major product that will be isolated from 
the reaction? Explain. 
(b) How would your answer change tif at all) if the ex- 
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Tel 


Na* —:5—5420:- Ма* 
| 
Qr 
sodium thiosulfate 


(Thiosulfate is an example of an ambident, or "twa- 
toothed,” nucleophile.) 

(b) In fact, only one of the two possible products is 
formed. Which one is formed, and why? 


9.53 Consider the following equilihrium: 
+ 
(СНз)25: + H,C— Br: zx (СН,),5—— CH, + 18:7 


In each case (a) and (b). choose the solvent in which 

the equilibrium would lie farther го the right. Explain. 

(Assume that the products are soluble in all solvents 

considered. ) 

(a) ethanol or diethyl ether 

(b) N.N-dimethylacetamide (a polar, aprotic solvent, є 
— 38)or a mixture of water and methanol that has 
the same dielectric constant 


9.54 When methyl iodide at 0.1 M concentration ts allowed 
to react with sodium ethoxide at 0.1 M concentration in 
ethanol solution. the product ethyl methyl ether is ob- 
lained in good yield. Explain why the reaction is over 
much more quickly, but about the same yield of the 
ether is obtained, when the reaction is run with an ex- 
cess (0.5 M) of sodium ethoxide. 


АА When methyl bromide is dissolved in methanol and an 
periment were conducted in anhydrous DMSO. a | Son Ру з 
, m? " equimolar amount of sodium iodide is added, the con- 
polar aprotic solvent? | з det, x i 
centration of iodide ion quickly decreases, and then 
9.52 (a) Two isomeric §,2 products are possible when slowly returns to its original value. Explain. 
sodium thiosulfate is allowed to react with one 
equivalent of methyl iodide in methanol solution. 
Give the structures of the lwo products. 
мај H Be н.с H HC CH, 
IE. , C anie CHOH A = 
x STH + Gh: C=C + C=C 
г CH; 
BH H p H 
(b) H Br HC. н НС fh 
^ C n C)Hs0H н 2 
Hae UN + A a ———— C=C + C=C 
C CH, єз % 
Н D CH H H 
H D ч 


Figure P9.46 


432 


CHAPTER 9 * THE CHEMISTRY OF ALKYL HALIDES 


9.56 Consider the following experiments with trityl chloride, 


Ph,C—C], à very reactive tertiary alkyl halide: 

(1) In aqueous acetone, the reaction of trity] chloride 
follows a rate law that is first order in the alkyl 
halide. and the product is trityl alcohol, Ph,C—QOH. 

(2) In another reaction, when one equivalent of sodium 
azide (Na* Ny: see Table 9.3} is added to a solution 
that is otherwise identical to that used in experiment 
{1}. the reaction rate 15 the same as in (1): however. 
the product isolated in good vield is trity! azide, 
Ph,C—hN.,. 

(3) In a reaction mixture in which both sodium azide 
and sodium hydroxide are present in equal concen- 
trations, both trityl alcohol and trity! azide are 
formed. but the reaction rate ts again unchanged. 

Explain why the reaction rate 1s the same but the prod- 

ucts are different in these three experiments. 


The first demonstration of the stereochemistry of the 
5.2 reaction was carried out in 1935 by Prof. E. D. 
Hughes and his colleagues at the University of London. 
They allowed (R)-2-iodooctane to react with radioactive 
iodide ion (5L ). 


CE os a” eS CH,CH(CH;};CH; sl 


9,55 


I ы! 


2-iodooctane 
[racinactive | 


2-iadooctane 


The rate of substitution (rate constant АЁ) was 
determined by measuring the rate of incorporation of 
radioactivity into the alkyl halide. The rate of loss of 
optical activity from the alky! halide (rate constant Ё°) 
was also determined under the same conditions. 
(a) What ratio £°/£. is predicted for each of the follow- 
ing stereochemical scenarios: 
(1) retention: (2) inversion: (3) equal amounts of 
both retention and inversion? Explain. 
(b) The experimental rate constants were found to be as 
follows: 
ke = (13.6 £ 1.1) X 107° М! s^! 
ке = (26.2 + 1.1) 10T MT. s" 
Which scenario in part (a) is consistent with the data? 


An optically active compound A has the formula 

C,H, ,Br. Compound A gives no reaction with Br, in 
CH-Cl,, but it reacts with KT(CH,),C—O7 to give a 
single new compound £ in good yield. Compound B de- 
colorizes Br, in СН-СІ. and takes up hydrogen over а 
catalyst. When compound B is treated with ozone fol- 
lowed by aqueous H-O.. dicarboxylic acid C is isolated 


in excellent yield; notice its cis stereochemistry. 


9,59 


9. 60 


C 
Identify compounds А and B, and account for all obser- 
vations. (If vou need a refresher on how to solve this 
type of problem, see Study Guide Links 4.3 and 5.3.) 


In a laboratory, two liquids. A and B. were found in a 
box labeled only “isomeric alkyl halides С.Н, Br.” You 
have been employed to deduce the structures of these 
compounds from the following data left in an accompa- 
nying laboratory notebook. Reaction of each compound 
with Mg in ether, followed by water, gives the same hy- 
drocarbon. Compound A, when dissolved in warm 
ethanol, reacts to give an ethyl ether C and an acidic so- 
lution in a few minutes. Compound В reacts more 
slowly but eventually gives the seme ether C and an 
acidic solution under the same conditions. Both acidic 
solutions. when tested with AgNO, solution. give a light 
yellow precipitate of AgBr. Reaction of compound B 
with sodium ethoxide in ethanol gives two alkenes, one 
of which reacts with O,, then aqueous H-O, to give ace- 
tone (СН) С=О as one product. Give the structures of 
compounds A. В, and C. and explain your reasoning. 


In the laboratories of the firm “Halides *R^ Us." a com- 
pound A has been found in a vial labeled oniy “achiral 
alkyl halide C,,H,.Br.^ The management feels that the 
compound might be useful às a pesticide. but (hey need 
to know its structure. You have been called in as a con- 
sultant at a handsome fee. Compound A, when treated 
with KOH in warm ethanol. yields two compounds (B 
and C), each with the molecular formula C,4H,,. Com- 
pound А rapidly reacts in aqueous ethanol to give an 
acidic solution. which, in turn, gives a precipitate of 
AgBr when tested with AgNO, solution. Ozonolysis of 
A followed by treatment with (CH,),S affords 
(CH,).C==0 (acetone) as one of the products plus 
unidentified halogen-containing material. Catalytic hy- 
drogenation of either B or C gives a mixture of both 
Irans- and cis-|-tseprepyl-4-methylevelohexane. Com- 
pound А reacts with one equivalent of Br, to give a mix- 
ture of two separable compounds. D and E. both of 
which can be shown to be achiral compounds. Finally. 
ozonolysis of compound В followed by treatment with 


aqueous H,O, gives acetone and the diketone Ё 


О О 
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Propose structures for compounds A through £ that best 9.63. (a) Tell whether each of the eliminations shown in Fig. 
fit the data (and collect your fee). P9.63 is syn or anti. 
(b) Reaction (b) shows first-order kinetics. Draw a 

9.61 When menthy! chloride isee Fig. P9.61) is treated with cürved-amow mechanism For this reactor that is 
sodium ethoxide in ethanol, 2-menthene is the only consistent with its kinetic order and with its sterea- 
alkene product observed. When neomenthyl chloride is chemistry. (Hint: Be sure to draw out the structure 
subjected to the same conditions, the alkene products of the acetate group.) 
are mostly 3-menthene (78%) along with some 2-men- 


thene (22%). Explain why different alkene products are 9.64 Explain why each alkyl halide stereoisomer gives a dif- 
formed from the different alkyl halides, and why 3-men- ferent alkene in the Е? reactions shown in Fig. P9.64 on 
thene is the major product in the second reaction. (Hint: р. 234. It will probably help to build models or draw out 
Draw the chair conformations of the starting materials, the conformations of the two starting materials. 


remember the stereochemistry of the E2 reaction, and 
9.65. (a) The reagent tributyltin hydride. 


(CH,CH.CH,CH,),5n—RH, brings about the rapid 


don't forget about the chair flip of ceyclohexanes.! 


9.62 Which one of the following stereoisomers should un- conversion of 1-bromo-1 -methyleyclohexane into 
dergo B-elimination most rapidly with sodium ethoxide methylcyclohexane. The reaction is parucularly fast 
in ethanol? Explain your reasoning. in the presence of AIBN (Sec. 5.66). Suggest а 
CH; CH, mechanism for this reaction. (Hint: The Sn—H 


bond is relatively weak.) 
«Вг Вг (b) Suggest two other reaction sequences using other 
reagents that would bring about the same overall 


transformation. 


CH; CH; 
А 5 
HC -CH(CH,, 80 uc “= CH(CHs)2 + CIT 
yh A Tra CHOH - "АСАР | 
Cl 


2-menthene 
| (100%) 
menthyl chloride 


— CH0- R 
H.C “СНОН, CH 2-menthene + НС CHICH), + CI 
MH 
1 (22%) 
Cl 3-menthene 
(7896) 
neomenthyl chloride 
Figure P9.61 
(al H Br ; 
E ucro um 
сыс, t D а | + I—Br + Br7 
C. CH; propanol C 
LATE 
H я HC H 
tb) НС H : 
1 * АЕ. i 
| з he 1 "T 
Ph S me | +н—ОАс [—ОАс=—О—С—СН,] 
H "it 
H iw H Ph 


Figure P9.63 
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9.66 A student has suggested the one-step substitution mech- 
anism shown in Fig. P9.66 for the replacement of mer- 
cury with hydrogen in the reduction step of oxymercu- 
ration-reduchon (Eq. 5.21, p. 189, Sec. 54А). The 
curved-arrow notation is reasonable and it would account 
For the observed products. Tell whether this mechanism 
is consistent with the following experimental facts. 

1. The reaction works well when the organomercury 
compound is tertiary (R', R^. R? # H in Fig. P9.66). 

2. When an optically active organomercury compound 
is used as the starting material. the hydrocarbon 
product 1s racemic. 

What type(s) of reactive intermediate (if any) would fit 

these two facts? 


9.67 The cis and trans stereoisomers of 4-chlorocyclohexa- 
nol give different products when they react with OH, 
as shown in the reactions given in Fig. P9.67. 


CHOH 


Q 


H 


Figure P9.64 


Figure P9.66 


trans-4-chiorocyclohexanol 


Ho-{ mc 


cis-A-chlorocyclohexanol 


Figure P9.67 


: UY кн а 
) O + сно сон. 


(a) Give a curved-arrow mechanism for the formation 
of each product. 

(b) Explain why the bicyclic material B is observed in 
the reaction of the trans isomer, hut not in the reac- 
tion of the cis isomer. 


9.68 The reaction of hutylamine, CH,(CH,),NH,, with l- 
bromobutane in 60% aqueous ethanol follows the rate 
law 

rate = &[butylamine]| I-bromobutane | 
The product of the reaction is (CH,CH,CH,CH, ),N H. 
Вг”. The following very similar reaction, however, has 
a first-order rate law: 


( NH 
Br 
А 


СН; 


О + СНОН + Br^ 


О + CH3OH + Вг” 


в. 


4 


R” 


Е: 
—- = + НС + :Hg + ^:ОАс 
H 


ü 
i C 
А В 


+ OH^ —» "o-( Y T Ho-( )--он 
А Е 


9.69 


Give a mechanism for each reaction that is consistent with 
its rate law and with the other facts about nucleophilic 
substitution reactions. Use the curved-arrow notation. 


In 1975, a report was published in which the reaction 
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Fig. P9.69. Finally. subjecting pure cfs-P or pure 

trans-P to the reaction conditions pave, after five 

days. the same 75:25 mixture. Explain these results. 
(c) Why is cis-P favored in the product mixture? 


given in Fig. P9.69 was observed. The —OBs (brosy- 9.70 Consider the reaction sequence given in Fig. P9.70. 

late) group is a leaving group conceptually like halide. (Bu— = butyl group = CH,CH,CH,CH.—.) 

(Think of this group as you would — Br.) Notice that (a) Use what you know about the stereochemistry of 

the reaction conditions favor an S,2 reaction. bromine addition to propose the stereochemistry of 

(a) This result created quite a stir among chemists be- compound B. 
cause it seemed to question a fundamental principle (b) Is the B — C reaction a sya- or an anti- elimination? 
of the 5,2 reaction. Explain. Show your analysis. 

(b) Because the result was potentially very significant, (c} How would the stereochemistry of products change 
the work was reinvestigated very soon after it was if the (E)-stereoisomer of compound А were carried 
published. In this reinvestigation, it was found thal through the same sequence of reactions? Explain. 
after about 10 hours’ reaction time, the product con- 
sisted almost completely of rrans-P. Only on stand- 9.71 Account for each of the results, shown in Fig. P9.71, 
ine under the reaction conditions did cis-P form (and with a mechanism. In part (a). note that the reaction Is 
trans-P disappear) to give the product mixture shown not observed in the absence of NaOH. In part (b), note 
in Fig. P9.69. Furthermore, when the trans isomer of that organolithium reagents are strong bases and that 
S was subjected to the same conditions, mostly cis-P the hydrogens on a carbon adjacent to a benzene ring 
was formed after 10 h, but, atter 5 days, the same аге telatively acidic. 

75:25 сіѕлгапѕ product mixture was formed as in 
OBs | I 
+ Мак 225 + pz + Na* -OBs 
C;H;O (75 mmol} C,H4O С.н.о 
cis-8 cis-P trans- Р 
(21 mmol} (75% of product) (25% of product) 

Figure P9.69 

Bu СН Ви Н 
y / A Br; ; CHG" \ | 
C=C —» Bu—CH-—CH—S(CHis | C=C + CH,O$1(CH,}, + Bro 
y^ A mih P Y 

H H Br Вг H Br 
A H C 


Figure P9.70 


NaOH/H:O pa -A 
(ay HCCl, + Ма? 1- МОНО. HCCI + Nat Cl 
(b) 


Figure P9.71 


Ph + ЫС! + CH4CH;CH,CH, 
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DEHYDRATION OF ALCOHOLS 


The Chemistry of 
Alcohols and Thiols 


This chapter focuses on the reactions of alcohols and thiols. Like alkyl halides. alcohols un- 
dergo substitution and elimmation reactions. However, unlike alks 1 halides. aleohols and thiols 
undergo exidaton reactions. This chapter explains how to recognize oxidations, and it pre- 
sents some of the ways that oxidations ol aleohiols and thiols are carried out im the laboratory. 
A consideration of alcohol oxidation in maure leads to a discussion of the stereochemical re- 
latronships of groups within molecules. Finally, the straiegs used in planning organic synthe- 
ses ds Introduced. 


Уште acids such as H.SO, and H PO, саа ze a G-elimination reaction in which water is lost 
E 2 A 1 L - 

from а secondary or tertiary alcohol to eive an alkene. The com ersion of esclohexanol into су- 

clohesene 15 typical: 


Hd, 


I 


H.O SIME 


cyclohexanol cyclohexene 
e E T vield [ 


А reaction such as this; in which the elements of water are lost from the starting material, is 
called a dehydration. Thus. in Eq. 10.1. eyclohexanol is said to be defivdrated to os clohex- 
ene, Heat and Lewis acids such as alumina Ccaluminum oxide, ALO.) can also be used to cat- 
alvze or promote dehydration reactions, 

Most acid-cataly zed dehydrations of alcohols are reversible reactions. However, these re- 
actions can easils be driven toward the alkene products by applying Le Chátefier's principle 
(See. 4.9B). For example, m Eq. 10.1, the equilibrium is driven toward the alkene product be- 
cause the water produced as а by-product forms a strong complex with the catalyzing aci 
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Н.РО and the exclobexsene product is distilled from the reaction mixture, t AIRkenes can be re- 
moved bs distillation because they have considerably lower boiling points thin alcohols with 
Ihe same carbon skeleton. The dehydration of alcohols io alkenes ts easily. carried out in the 
laboratory and isan important procedure for the preparation of some alkenes. 

Alcohol dehydration superficially resembles the FI reaction of alkyl halides, which 15 also 
a B-olimination, We mieht ash whether we could apply the same strongly Dase reaction con- 
ditionis to aleehol dehydration that we use tor the E2 reaction. 


iP 


n NS 
LP" 
P Nas ist " 
C T of [| 1 
14— — € 


} _.. 
Nez кн [sts 


| +H OCH + Bri 10.20 


„ә 


с 
a П L2 


Dp Se _ t HE ОСН + ОН (02h 


H^ OGEN 


As Eq. 10.2b shows. efft dehydration is iet pronieted by strong bases; One reason is hal a 
strong base will remove the O—H proton. which is [ar more acidie than a С H f-proron, The 
second amd major reuson is that fe OFF group is à very poor leaving group because n is a reki- 
tively strong base. Recall rom Sees. ӨР and 9.5C€ that good leaving groups are wegh bases, 

Ах Eq. 10.1 iflustrates, aleohol dehydration is acid-catals zed. The role of the avid 1s to con- 
vert the — ODE group, а poor leaving group. ito the —OH. group. a good leaving group ihe- 
cause HO is a weak base) Ae use of Bronsted or Lewis actds to activate tfe — OH онр as 
a feuving wren will prove to be a ventral theme in alcohol chemistry. 

Alcohol dehydration occurs by a three-step mechanism that consists entirely of acid-base 
steps and mivalyes a carbocation intermediate, In the first mechanistic step. the — OH is acti- 
vated as a leaving group by acting as а Bronsted base (See. 8,73 fo accept и proton from the 


catalyzing aen: 


| Bronsted acid—base 
reaction 


ry 
ee H 
е7 H--OH) 
i: " 
у 
к, шм ДОН 
"*X— — i SIE 1th Aah 


Thus. the basicity of aleohols (See. 8.710 mportanti to the success of the dehydration rear- 
поп. Next; the carbon exs een bond ef the alcohol breaks tn a Lewis acid base dissociation to 


eive water and a carbocation: 


Lewis acid-base 
| dissociation reaction 


OH + 
@ d q @ т НОН BRIT 


à carbs ation 
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Finally, water, the conjugate base of the catalyzing acid H,O*, removes a B-protou from the 
carbo tution in another Bronsted acid base reaction 


Bronsted acid-base 
reaction 


+ 
— 2 Ji 
H ОН, 
| 


апу one of the four equivalent 
(3-hydrogens can be los! 


This step generates the alkene produet and regenerates the catalyzing acid НОТ, 

Let's focus briefly on the acid-base reaction in the last step of the mechanism (Eq. 10.36). in 
which H,O is the base, A common error in thinking about the mechanism is lo use hydroxide ion 
U OH? as the base; alter all, hydroxide is a stronger base than water. However. hydroxide cannot 
be the hase, because the reaction Is carried out in strongly acidic solution: hydroxide cannot sur- 
vive in strong acid because It protonates instantaneous] to form water. Ner £s Avdroavde neces- 
sary as a base, because the carbocation is a very strong acid: the рА of a carbocation -proton 
is —8 lo — 10, Water is perfectly adequate as a base to remove such an acidic proton because the 
conjugate acid of waler has a p&, of — 1.74. (See Sec. А4.) When à reaction is carried out in 
Н.о“, Н.О is typically used as the hase. On the other hand, we'll sce numerous examples of dit- 
[егеп reactions that take place in strongly basie solution. For these reactions. strong acids are not 
involved. A reaction that requires а base such as СОН would im olye the conjugate acid of OH, 
namely Н.О. as the acid, not H,O*. To summarize: An acid and its conjugate base always act in 
tandem in а mechanism. (M necessary, reread the discussion of amphoteric compounds on pp. 
КУ - 105, Sec. XAE. 1. 

Let's now return to the dehydration mechanism shown in Eqs. 10. За. We've discussed а 
mechanism like this twice before. First. alcohol dehydration is an E1 reaction (Sec. 9.6). Once 
the —O group of the alcohol is protonated, it becomes a very good leaving group (water). 
Like a halide leaving group in the El reaction. the protonated —OH departs to give a varho- 
cation, which then loses a B-proton to Н.О to give an alkene. 


Alcohol dehydration: El reaction of an alkyd ванае: 


№ 


TOH; —— leaving group ————» сг: 
i | - w] 


| l 


H H 
T T + EM 


Lewis acid—base 
dissociation reactions | 


| 


Н H 
A Brønsted acid-base A 
reactions 


R R R R 


“a 


| : d u 

1—4. + Hh; C=C. + H—Br i104) 
/ \ \ " 

R R R R 
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Second. the dehydration of alcohols is the reverse of the hydration of alkenes (See. 4.9B j. 
fivdrattion of alkenes and delivdrition of асоро are the forward and reverse of the sume 
reaction. 

Recall from the principle of mieroscapie reverstbility (Sec. +.9B) that the forward and re- 
verse of the same reaction must have the same intermediates and the sume rate-limiting tran- 
stlion states; Thus, because protonation of the alkene is the rate-limiting step in alkene hydra- 
lon. the reverse of this step 


loss af the proton. from the carbocation intermediate 
(ig. 10.3 is rate-limiling in alcohol dehydration. This principle also requires that if à cala- 
Ivst accelerates a reaction in one direction. ib also accelerates the reaction in the reverse direc- 
ton. Thus, both the hydration of alkenes to aleohols and the detis dration of alcohols to alkenes 
are catalyzed by acids. 

The imaolvement of carbocation intermediates explains several experimental facts about al- 
cohol dehsdration. First, the relative rates of alcohol dehydration are in the order tertiary 77 
secondary 7o primus. Application of Hammond's postulate (Sec. БСУ suggests that the 
rate-limiting transition state of a dehydration reaction should closely resemble the correspond- 
Ing carbocation intermediate. Because tertiary carbocations are the most stable carbocations, 
dehydration reactions involving tertiary carbocations should be faster than those involving ti- 
ther secondary. or primary. carbocations, us observed. [n fact; the dehydration of primary aleo- 
hols is generally not a useful laboratory procedure for the preparation of alkenes. (Primary al- 
conols react in other ways with Н. see Problem 10,60, p. 481.1 

Second. i£ the alcohol has more than one type of B-hydrogen. then a mixture of alkene 
products сап be expected. As in the El reaction of alkyl halides, the most stable alkene ahe 
one with the greatest number of branches at the double hond—is the alkene formed in great- 
ex ammunt: 


C11 11. 
, | ! à EISE : - s + + 
е GHSCH : a E E i + ER) 4105) 
| | 
CH, H«C CH, 
2-methyl-2-butanol 2-methyl-2-butene 2-methyl- I-butenc 


marmor product minor product 


Finally, alcohols that react to give rearrangement-prone curbocation intermediates yield re- 
arranged alkenes: 


ОН, ОН CH; H iC CH, 
. | Е ela Lu _ | | b . / | 
с НИ, mor HAECH Сн, Я C=C + Н.) үе 
| | E X 
CH, CH, НС CH; 
3,3-dimethyl-2-butanol 2,3-dimethyl- E-butene 2,3-dimethyl-2-butene 
(Iul ZEIT 
О 
| CH, 


L 


STUDY GUIDE LINK 10.1 
Rearrangements 
Involving Cyclic 
Carbon Skeletons 


CH — CH, 


| | Ri ә + 114.0 (OT) 


| -cyclobutylethanol l-methylcyclopentene 
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PROBLEM | | | . , ; 
| OBLENIS 10.1 What alkeneis? are tormed in the acid-catalyzed. dehydration of each of the following 


alcohols? 
(a) 3-methyi-3-heptanol (bi. OH 


PhCHCH Ph 


10.2 Give the curved-arrosy mechanism for the reaction in Problem H3 la. In each step, identity all 
Bronsted acids and bases, all electrophiles and nucleophiles, and all leasing groups. 


10.3 Give the struciure of the carbocation intermediate involved in the acid-catalyzed dehydration 
of 3-ethyl-3-pentanol. 


10.4 Identify the mejor alkene product(s} m part (aj of Problem 160.1. 


10.5 Give the structures of two alcohols. one secondary and one tertiary, that could give each of 
the following alkenes as a major acid-catalyzed dehydration product. In each ease. which al- 
cohol would dehydrate most rapidly? 

(a) l-methylesclohexene (6) 3-methyl-2-pentene 

10.6 (a) Give a curved-arrow mechanism for the reaction in Eg. 10.6. 

(b) After reading Study Guide Link 10.2, explain why the rearrangement in Eq. 10,7 is Ta- 
vorable even though both of the carbocation intermediates рл оја еф are secondary. 

10.7 А certain reaction is carried out in methanol with H.SO, as a catalyst. 

(a) What Brensted acid 1х present in highest concentration in such a solution? Hint H.SO, 
is completely dissoeiated in methanol, just as it is in water.) 
(b) If a base is involved m the reaction mechanism. what is the hasie species? 


REACTIONS OF ALCOHOLS WITH HYDROGEN HALIDES 


Aleohols react with hydrogen halides to give alkyl halides: 


1C 


heat, > fh 


UCHSOSCHOCHSCH.— OH + HBr (CHEDCCHCIGCI— Br : HO їй 


3-methyl-1-butanol l-bramo-3-methylbutane 
ERUIT vield | 


Е ou GET 


LET.) ЕМ m HI Ma 


СН. € HAO (HO 


tert-butyl alcohol tert-butyl chloride 
almost quantitative: 


The equilibrium constant for the formation of ШКА halides Irom aleohols is not large: 
hence, the successful preparation of alkyl halides from alcohols. like the dehydration of 
alcohols to alkenes, usually depends on the application of Le Chatelter’s principle (Sec. 4.9131. 
For example. in both Eqs. 10,8 and 10,9, the reactant alcohols are soluble in the reaction sol- 
vent, which ап aqueous acid. but the product alks | halides are not. Separation of the alksl 
halide products from the reaction. mixture as water-inseluble layers drives both reactions to 
completion. For alcohols that are not water-soluble, à large excess of gaseous HBr can be used 
to drive the reaction to completion, 

The mechanism of alkyl halide formation depends on the type of ileolial used as the start- 
mg material. In the reactions of tertiary alcohols, protonation of the alcohol oxs ven is fol- 
lowed bv carbocation formation. The carbocation reacts with the halide ion; which is formed 
by ionization of strong acid НСІ. and which ts present in great exeess: 
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H 
кй M " 
1+ Ж. s “a 
ПОЕМА | 
|| 
(^ Cag — (Н.Т ~ O: 
ci ж бы "n i ШИ 
- | 
- 4.0 reaction 
` + ара а ` ` EN | (Л! 
{К Нун. + 1: XL fin FE MEE / 


Mer 


Once the alcohol is protonated. the reaction i an So reueron wil HO as Hie leaving groip. 

When a primary alcohol is the starting material. the reaction occurs as a concerted displace- 
ment of water fram the protonated aleohol by halide ion. 1n other words. the reaction is am S2 
reaction i which water is the leaving erp. 


ri =. + Ен 
(CH CHICHSCH;—OH + HBr ж” o a4CHQnCHCHSCHS—— OH, я BrT рш 


ж 


excess | 
Шил 
Low " T 
(CH jCUICH CH, +O; ч” TCH CHOH CH, — Br: + ILO: 502 reaction i ]()] thy 
е T 


Notice that the initial step in both of these Sol and 5,2 mechanisms is protenaion of the 
— ОН group., 

As the conditions of Eqs. 10:8 and 10.9 suggest. the reactions of tertiary alcohols with hy- 
drogen halides are much faster than the reactions of primary alcohols, Typically; tertiary aleo- 
hols react with hydrogen halides rapidly at room temperature, whereas the reactions of pri- 
mars aleohols require heating for several hours. The reactions of primary alcohois with HBr 
and HI are satisfactory, but their reactions with HCl are very slow. Although reactions of aleo- 
hols with НСІ can he iccelerated with certain catalysts. other methods for preparing primary 
alkyl chlorides (discussed in the following section) are better. 

The reactions of secondary aleohols with hydrogen halides tend to occur by the 541 megh- 
anin. This means that carbocations are involved as reactive intermediates. and. consequently, 
Fearrangements eain occur i mans Causes 


CH CH: 
: Hi . : : А 
MEN | 
H OH Вг 
2-methyl-3-pentanol 2-bromo-2-methylpentane 


| 
PROB | | А, - . 
OBLEMS lO.8 Suggest an alcohol starting material and the conditions for the preparation of each of the fol- 
towing alkyl halides. 


(а) Вв ibi CH, (c) I—CH,CH,CH,CH,CH,—1 


| 
CH,CHCH;CH; Cl 
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10.9 Give a curved-arrow mechanism for the rearrangement shown in Eq. 10.12. 

10.10 Give the structure of the alkyl Һе product expected tif any) in each af the following 
reactions. 
(a) 1-ргорапо! + HBr in the presence of H.SO, catalyst 


heat 


(b HOCH;CH;CH;OH + excess Hi. — —3 
(c) OH 


heat 


| 
(CH3).C— CH — CH, + excess HBr 


ZD E. 


(d) (CH;);CCH,O0H + HCl ———— 
(Hint: See Fig. 9.4, p. 392.) 


The dehs draton of alcohols to alkenes and the reactions of aleohols with hydrogen halides 
have some important things im common. Both take place in very acidic solution: in both reag- 
lions, the acid converts the — OH group into a good leaving group. We've already discussed 
this poini Tor dehydrations in Sec. 10.1. For substitution reactions, if acid were not present, ihe 
halide ron would have to displace OH ro form the alkyl halide. This reaction does not take 
place because "OH is а much stronger base than any halide ion ( Table 3.1. p. 103), and strong 
bases are poor leaving groups (Sec. 9.4F 


бес + Hyc--OH —G :Îr—CH; + ÖH TUREN 


weak base strong Dase 
poor leaving group) 


Qe + HAC O—H a :Hp— CH. + Н.О: (10. 13b 
- LEE e S^ Bos ae 


areca le wine Croup 


Remember: substitution and elimination reaction of alcohols require the —0H group to be 
ceinverted tite a better leaving group. 

The formation of secondar and tertiary alk y! halides and the dehydration of secondary and 
tertiary aleotiols have the same initial steps: protonation of the alcohol oxygen and formation 
of a carbocation. 


formation of 
à carbocation 


protonation 
of the OH 


+ 
гон, 
| " . 
i E e EN == Би „= к. + HOE (10.14 
Н Н Н 
y- 


The two reactions differ in the fate of this carbocation, which in turn is governed by the con- 
ditions ol the reaction, In the presence of a hydrogen halide, the halide ion is present in excess 
and reacts with the carbocation. In debs draton. no halide ton js present, and when the alkene 
forms by loss of à B-proton from the carbocation. the conditions of the dehydration reaction 
force the remos al of the alkene product and the water by-product [rom the reaction mixture. M 
follows. then, that els halide formation and dehydration to alkenes are alternative branches 
of e commen mechanism: 
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+ 
К сө, 
| 
H 
carbocatran 
Lewis acid-base _ — - 
association Brensted acid-base 
= зае ioni Ho reaction 
Roto CR- IN R 
X H C=C + 0 ИШЕТ 
alkyl halide R R 


alkene 


Notice (hat the principles you've studied in Chapter 9 for the substitutions and eliminations 
af alkyl halides are valid for other functional groups—in this case, alcohols. 


SULFONATE AND INORGANIC ESTER 
DERIVATIVES OF ALCOHOLS 


When an alkyl halide 1s prepared trom an aleohol and a hydrogen halide, protonation converts 
the —OH group into à good leaving group. However, if the alcohol molecule contains a group 
that might be sensitive to strongly детс conditions, or milder or even nonacidie conditions 
musi be used for other reasons. different ways of converting the —OH group into à good leas - 
Ing group are required. Methods tor accomplishing this objective are the subject of this section. 


A. Sulfonate Ester Derivatives of Alcohols 


Structures of Sulfonate Esters An important method of activating alcohols toward nu- 
cleophilic substitution and B-elimination reactions is to convert them into sidfemare esters, 
Sulfonate esters ure derivatives of sulfonie acids, which are compounds of the form 
R—SO,H. Some typical sullonte avids are the follow ing: 


SOH HG! SOH 
( дюн н 


methanesulfonic acid benzenesulfonic acid p-tolucnesulfonic acid 


(The p in the name of the last compound stands for pere. which indicates the relative positions 
ofthe two groups on the benzene ring. This type of nomenctaiure is discussed tn Chapter 16.) 
A sulfonate ester is a compound in which the acidic hydrogen of a sulfonie acid 1s replaced 
by an alkyl or aryl group. Thus, in ethyl benzenesulfonate, the acidic hydrogen of benzenesul- 
ronie acid is replaced hy an ethyl group. 


» Q 
m | m | 
Е Н —— acidic hvdregen s—( 39 Н. 
и icidic hydrogen -< | Н. 
O Q 
benzenesulfonic acid ethyl benzenesulfonate 


fa sullonate ester! 
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Sulfur has mere than the octet of electrons in these Lewis structures; Such "octet expansjson qs eom- 
mon for atoms in the third and higher periods of the periodic table; Bonding in sullonie acids and 
their deris aues 18 discussed further in Sec. 10,9. 


Organic chemists often use abbreviated structures and names tor eerta sulfonate esters. 
Esters of methanesulfonic acid are called inesviares Cabbresiated 6 —- ОМ and esters of р- 
toluenesultonic acid are called fosv/etes vabbres tated К СС. 


" 

| | | | 
Cl Гара Gn Is the same is (..H;—OMs 

| 

О ethyl mesylate 


ethyl methanesulfonate 


O 
cci. cuam ^ ДСН; ishe samea — CHICH;—CH —OTs 
CH, | т - 
sec-butyl p-toluenesulfonate sec-butyl tosylate 


PROBLEM | i ; 
10.11 Draw both the complete structure and the abbreviated structure, and give another name for 


each of the following compounds. 
(a) isopropyl methanesulfonate (b) methyl p-toluenesulfonate 
(c) phenyl tosylate (d) cyclohexyl mesylate 


Preparation of Sulfonate Esters Sulfonite esters are prepared from alcohols and other 
sulfone acid. derivatives called sulfony] chlorides. For example. p-teluenesultfony] chloride, 
oflen known as толу chloride and abbreviated ТУС). is the sulfonyl] chloride used to prepare 


toss late esters. 


{) 
HCH WOH | i H | n 
CH GE һә) + Cl—s C + — 
` " га - ri S 
| \ <7 
1 -decanol O ^ 
pyridine 


p-toluenesulfonyl 
chloride 
i tosyl chloride; 
à sulfons] chloride} 


(used as selvent: 


O 
__ | | Em 
CHCH: 0 — ^ CH, 1 CI Lid 
~~, + 
i | : 
Further Exploration 10.1 | 
Mechanism of H 
Sulfonate Ester decyl tosylate 
Formation Ortu viel: 


This is а nucleophilic substitution reaction in which the oxygen of the alcohol displaces chloride 
ion from the току chloride. The pyridine used as the solvent а base, Besides сасна zing ihe re- 
action. it also neutralizes the ЯС that would others ise form in the reaction (calor im Eq. 10.15). 
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PROBLEM | - | : | 
10.12 Suggest a preparation for each of the following compounds from the appropriate alcohol. 
(a) cyclohexyl mesylate (Б) isobutyl tosylate 


Reactivity of Sulfonate Esters Sulfonate esters. such ах tosylates and messlates, are 
useful because they fave approximately the sume reactivities as the correspondiuty alkyl Dro- 
тех in substitution and elimination reactions, (In other words, vou can think of a tosylate or 
mess late ester group as a “fat” brome group. i The reason for this similarity 18 that хине 
antons, Hike hromide ions, ure pood leaving groups. Recall that, among the halides. the weak- 
est bases, bromide and dide, are the best leaving groups (Sec. 9.46, In general, good eav- 
ing groups are weak buses, Sulfonale anions are weak buses: they are the conjugate biases of 
sulFonic acids, which are strong acids. 


Q 

"uoc К 

CO 5 Cll; or “OTs 

= к у | i 

(1 
p-toluenesulfonic acid: p-tolucnesulfonate anion 
a strony acid (tosylate anion}: 
iphar li ddh base 


Thus. sulfonate esters prepared from primary and secondary alcohols, like primary and sev- 
ondary atkvi halides, undergo 5,2 reactions in which a sulfonate ion serves as Ihe leaving group. 


aw 


-—— d SUE | = +s 
мис: (H3—-OTs ——* Niue — CH; - OTs 10.161 
і | | | 
К R 
nucleophile 4 
tosviate 


leaving group 


Similarly. secondary and tertiary sulfonate esters. like the corresponding alkyl halides, also 
undergo E2 reactions with strong bases. and they undergo S,I-E] solvolysis reactions in 
polar protic solvents, 

Occusionalls we'll need а sulfonate ester that is much more reuctive than a tosylate or me- 
уйше. In such a case a trifforomethanesalfonate ester is used. The irilluoromethanesultonate 
group is nicknamed the triflate group and it is abbreviated — ОТЕ. 


the triflate group, 
a very reactive leaving group 


O O 

| | 
R—O—5—E€EF, R— OTI “lysF. 

С) Abbreyiation bor (3 


a trillate ester 
a triflate ester triflate anion 
d very weak use 


The ате amon is a баен апу weak base. (See Problem 1046 on p. 478.1 Hence, the tri- 
Hate group is a particularly good leaving group, and triflate esters are highly reactive. For ex- 
ample. consider again the 54,2 reaction. used to prepare РОС, ап imaging agent used im 
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positron emission tomography (PET). (See Eq. 9.30a on p. 397.) This reaction is far too slow 
to be useful with a tosylate leaving group. However, the triflate leaving group has considerably 
ereater reactivity and is an ideal leaving group for this reaction, which must be carried out 
quickly. 

Triflate esters are prepared in the same manner as tosylate esters (Eq. 10.15). except that 
triflic anhydride is used instead of tosyl chloride. 


О) O 
| | k 
CHi(CH;40H + FC —5—0—$—CRF, + || —— 
| | = CHCl 
I-pentanol Q О М 
triflic anhydride pyridine 
Uus O 
CH4(CH5)40UTI + | por БЕ me 
N | 
I-pentyl triflate | O 
(9096 vield) H (10.17) 


The use of sulfonate esters in S2 reactions is illustrated in Study Problem 10.1. 


Study Problem 10.1 


Outline a sequence of reactions for the conversion of 3-pentanol into 3-bromopentane. 


Solution Before doing anyrhing else, write the problem in terms of structures. 
OH i 
Р 
CH;CH;CHCH;CH,; ——> СН;СН,СНСН,СН; 


Alcohols can be converted into alkyl broinides using HBr and heat (Sec. 10.2). However, because 
secondary alcohols are prone to carbocation rearrangements, the HBr method is likely to give 
by-products. However. if conditions can be chosen so that the reaction will occur by the 5,2 
mechanism. carbocation rearrangements will not be an issue. To accomplish this objective, first 
convert the alcohol into a tosylate or mesylate. 


OH OTs 
CH,CH,CHCH,CH; un CH4CH;CHCH;CH; (10.182) 


Next, displace the tosylate group with bromide ion in a polar aprotic solvent such as DMSO 
(Table 8.2, p. 341). 


OTs Br 


| | 
CH;CH;CHCH;CH; + Nat Bro TYUT CH;CH,CHCH,CH; + Nat -OTs (10.186) 
Because secondary aikyl tosylates, like secondary alkyl halides, are not as reactive as primary 
ones in the S,2 reaction, use of a polar aprotic solvent ensures a reasonable rate of reaction (Sec. 
9.4E). This type of solvent also suppresses carbocation formation, which would be more likely to 


occur in a protic solvent. (The transformation in Eq. 10.18b takes place in 85% yield.) 
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The E2 reactions of sulfonate esters, like the analogous reactions of alkyl halides, can be 
used to prepare alkenes: 


fils 
CS 20—25 СЗ " 
+ К+ (CH;,CO Se + К+ -OTs + (CHs);COH (10.19) 
T 
(8396 yield) 


This reactian is especially useful when the acidic conditions of alcohol dehydration lead to 
rearrangements or other side reactions, or for primary alcohols in which dehydration is not an 
option. 

To summarize: An alcohol can be made to undergo substitution and elimination reactions 
typical of the corresponding alkyl halides by converting it into a good leaving group such as а 
sulfonate ester. 


ROBLEMS ' А 
10.13 Design a preparation of each of the following compounds from an alcohol using sulfonate 
ester methodology. 


(a) | | (b) 
"T 22 ж ете. seu, 


10.14 Give the product that results from each of the following sequences of reactions. 


(a) ms 
ТєСЇ NaCN 
CHSCHCH;CH; pyridine DMSO 
th} OH КЕЕ 
triflic anhydride [18]-crown-6 
pa acram i ЛЫ | 
pyridine anhydrous acetonitrile 


B. Alkylating Agents 


As you've learned, alkyl halides, alkyl tosylates, and other sulfonate esters are reactive in nu- 
cleophilic substitution reactions. In a nucleophilic substitution, an alkyl group is transferred 
from the leaving group to the nucleophile. 


a leaving group such as 


a nucleophile a halide or sulfonate ester 
Ми” — R—XÀ — NMuc—RKRK--A (10.20) 
| 


an alkyl group (R) 
is transferred from 
X to Nuc 


The nucleophile 1s said to be alkylated by the alkyl halide or the sulfonate ester in the same 
sense [hat a Bronsted base is protonated by a strong acid. For this reason, alkyl halides, sul- 
fonate esters, and related compounds are sometimes referred to as alkylating agents. To say 
that a compound is a good alkylating agent means that it reacts rapidly with nucleophiles in 
S42 or Syl reactions to transfer an alkyl group. 
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C. Ester Derivatives of Strong Inorganic Acids 


The esters of strong inorganic acids exemplits another type of ауле agent (sec. 10,5 Bo). 

Like tosi lates and mesylates; these compounds are derived conceptually By replacing the 

acidic hydrogen of à strong acid (n this vase an inorgante acid) with an alkyl group. For ex- 

ample. dimeths | sulfate is an ester in which the acidic hydrogens of sulfurig acid are replaced 

by methyl groups, 

acidic hydrogens 

j O \ с) 

/ | \ | | | 

H—0—5—U0—H hak (3 —5— 0) -= ҢҢ 
| | 

{l o 

sulfuric acid dimethyl sulfate 


Adky esters of strong inorganic acids are рса very potent alkylating agents because 
they contain leaving groups that are very weak bases. For example. dimethy] sulfate is à vers 
effective methylating agent. as shown in the following example. 


() С) 
„Лы |. "^ "MM 
(CH ECH ÖS Hic s Öh ——99 (CH CH-—0 СН, + «0—8—0 -CH, — doen 


| | 
isopropoxide O) isopropyl methyl O 


anion ether 
dimeth weak base; 
imethyl sulfate good leaving group 


Dimethyi sulfate and diethsyl sulfate are available commereially. These reagents. like other 
reactive alka lating agents. are соха because they react with nucleophilic fuaetional groups on 
proteins and nucleic acids (See. 25,5C1. 

Certain alkyl esters of phosphoric acid are utilized tn nature as alkylating agents (Sec. 17.61). 
DNA and RNA themselves are polymerized dialky t esters of phosphoric acid (Sec. 25.5B1. 

Along the same line. alkyl halides can even be thought of as alkyl esters of the halogen 
acids. Methyl idide. for example. 1s conceptually derived by replacing the acidic hydrogen of 
HT with a methyl group. As sou have learned. this “ester” is also an effective alky lilting agent. 


ibaa 10.15 Phosphoric acid, H;PO,. has the following structure. 


но“ | “он 
OH 
(a) Draw the structure of trimethyl phosphate. 
(b) Draw the structure of the monoethyl ester of phosphoric acid. 
10.16 Predict the products in the reaction of dimethyl sulfate with each of the following nucleophiles. 


(a) CH3NH;  (b)water (c)sodiumethoxide (d) sodium !-propanethiolate 
methylamine 
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D. Reactions of Alcohols with Thionyl Chloride 
and Phosphorus Tribromide 


In most eases. the preparation of primary alks 1 chlorides from alcohols with HC is not as satts- 
latory as the preparation ofthe analogous ШКУ bromides with ABriSec. PLI A better method 
lor the preparation of primary. alkyd chlorides is the reaction of alcohols with thionyl chloride: 


рин 


CIHEGUBRHSLALHOH + SOCI; CHACHA CHCl - 505,7 + HCl (10.22) 
l-octanol thionyl ]-chloreoctane (reacts with 
chloride | ROT viele! pyridine) 


Thien Lehloride ts a dense, fuming liquid (bp 75. 76 7C]. One advantage of using thiens | chloride for 
the preparation ed als chlorides is that the hy -products of the гозо are HCL whieh reacts with the 
base pyridine, and sulfur dioxide (80.1. a gas, Consequentiy, there ire no separation problems in the 
purification ot the product alka] chlorides. 


The preparation of an alk] chloride from an alcohol with thionyl chloride, like the use of 
а sulfonate ester, invelves the conversion of the aleohoi -OJI group into a good leaving 
group. When an alcohol] reacts sith thions] chloride. a ейәне ester intermediate 1s 
formed. (This reaction is analogous to Eg. 19.15.) 


(7) ( 
RCH OD + €l—s— t] > КН. — E СО) 
thionyl лока 
chloride ester 


pyridine 
Гыл! 


The chioresulfite ester reacts readily with. nucleophiles because the chlorosulltte group. 
—0 547—671, is а легу weak base and thus a very good leaving group. The chlorosultite 
ester is usually not ко еМ, but reacts with the chloride ien formed in Eq. 10:23 to give the 
alkyl chloride, The displaced ~“O—SO— CH jon is unstable and decomposes to SO. and CI, 


0: :0): 
| 


R—CH,--0—5—(0]| —- R—CH,- ~S: ә | le >! UH 


In other words, thionyl chloride provides the conversion into a good leaving group and a 
sQuree of the displacing halide ton within the same reaction! 

Although the нол chtoride method is most useful with primary alcohols, $t can also be 
used with secondary alcohols. although rearrangements in such vases have heen known to occur. 
Rearrangements are best avoided in the preparation of secondary alkyl halides Бу using the re- 
action of a halide ton wilh a sulfonate ester in a polar aprotic sofvent cas tn Study Problem 10,1). 

A related method for the preparation ot alks E bromides invalves the use of pArosphorus Iri- 
bromide (PBr a3. 


С) 
ud ! ped as | 
3 { „—ОН + PHr. =» à Da + HP(OH) r [ti 253 
/ h а 


cyclopentanol bromocyclopentane 
(S ]" veleli 
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This reagent is related to thionyl chloride in the sense that it converts the — OH group into a 
good leaving group and, at the same time, provides a source of halide ion (bromide ion in this 
case) to effect the substitution reaction. 


H Вг: 


= — РА | 


RCH,—OH “БВ ——» :Bri- + RCH,—0:-PBr, ——* RCH, + HO—PBr (10,26) 


‘thr? а good À 
" leaving group 


UL 
п Чу | sulte m | 

! T HPBi 
pn ! x ( "o | 


(As Eq. 10.25 shows, all three bromines of PBr, can be used; Eq. 10.26 gives the mechanism 
of the first substitution only.) 

This reaction is considerably more general than the reaction of alcohols with HBr because 
it can be used with alcohols containing other functional groups that are acid-sensitive and 
would not survive treatment with HBr. Also. when used with secondary alcohols, the risk of 
rearrangement, although not totally absent, 15 less than with HBr. 


PROBLEMS 
10.17 Give three reactions that iliustrate the preparation of |-bromobutane from 1-butanol. 


10.18 (a) According to the mechanism of the reaction shown in Ед. 10.24, what would be the ab- 
solute configuration of the alkyl chloride obtained from the reaction of thionyl chloride 
with ($)-CH,CH,CH,CHD— OH? Explain. 

(b) According to the mechanism shown in Eq. 10.26, what would be the absolute configura- 
tion of 2-bromopentane obtained from the reaction of PBr, with the А enantiomer of 
2-pentanol? Explain. 


CONVERSION OF ALCOHOLS INTO 
ALKYL HALIDES: SUMMARY 


You have now studied a variety of reactions that can be used to convert alcohols into alkyl 
halides. These are 


|. reaction with hydrogen halides 
2. formation of sulfonate esters followed by S,2 reaction with halide ions 
3. reaction with SOCI, or PBr,. 


Which method should be used in a given situation? The method of choice depends on the struc- 
ture of the alcohol and on the type of alkyl halide (chloride. bromide, iodide) to be prepared. 

Primary Alcohols: Alkyl bromides are prepared from primary alcohols by the reaction of 
the alcoho] with concentrated HBr or with PBr,. HBr is often chosen for convenience and be- 
cause the reagent is relatively inexpensive. The reaction with PBr, is quite general, but it is 
particularly useful when the alcoho! contains another functional group that would be ad- 
versely affected by the strongly acidic conditions of the HBr reaction. (You'll! learn about such 
functional groups in later chapters.) Primary alkyl iodides can be prepared with HI, which is 
usually supplied by mixing an iodide salt such as KI with a strong acid such as phosphoric 
acid. Thiony! chloride is the method of choice for the preparation of primary alkyl chlorides 
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because the reactions of primary alcohols with HCI are slow, The sulfonate ester method 
works well with primary alcohols, but it requires two separate reactions (formation of the sul- 
fonate ester, then reaction of the ester with halide ion). Because all of these methods have an 
S42 mechanism as their basis. alcohols with several fj-alkvl substituents, such as neopentyl al- 
cohol, do not react under the usual conditions, 

Tertiary Alcohols: Tertiary alcohols react rapidly with HCl or HBr under mild conditions 
to give the corresponding alkyl halides. The sulfonate ester method shown in Study Problem 
{0.1 is not used with tertiary alcohols because tertiary sulfonates, like tertiary alkyl halides, do 
not undergo 5,,2 reactions. 

Secondary Alcohols: If the secondary alcohol has no -alkyl substitution, the thionyl chlo- 
ride method can be used to prepare alkyl chlorides and the PBr, method can be used to prepare 
alkyl bromides. To avoid rearrangements completely, the alcoho! can be converted into a sul- 
fonate ester which, in turn. can be treated with the appropriate halide ion (CI, Br’. or I ) ina 
polar aprotic solvent. This type of solvent provides the enhanced nucleophilicity of the halide 
ion necessary to overcome the relatively low S,2 reaction rate of a secondary sulfonate ester 
(Sec. 9.4E). Less reactive secondary alcohols can be converted into triflates, which are much 
more reactive than tosylates or mesylates toward halide ions in polar aprotic solvents. The 
HBr method can be expected to lead to rearrangements and is thus not very satisfactory (un- 
less rearranged products are desired). Specialized methods that have not been discussed are re- 
quired for primary and secondary alcohols that have significant B-alkyl substitution. 

Let's also remind ourselves what we bave learned mechanistically about the substitution 
and elimination reactions of alcohols. The — OH group itself cannot act as a leaving group be- 
cause OH is far too basic. To break the carbon—oxygen bond, the —OH group must first be 
converted into a good leaving group. Two general strategies can be used for this purpose: 


1. Protonation: Protonated alcohols are intermediates in both dehydration to alkenes and 
the reaction with hydrogen halides to give alkyl halides. 

. Conversion into sulfonate esters, inorganic esters, or related leaving groups: Sulfonate 
esters, to a useful approximation. react like alkyl halides. That is, the principles of alkyl 
halide reactivity you learned in Chapter 9 are equally applicable to sulfonate esters. 
Thionyl chloride and phosphorus tribromide are additional examples of this approach in 
which the reagent both converts the alcohol — OH into a good leaving group and pro- 
vides the displacing nucleophile. 


ы 


FONS 10.19 Suggest conditions for carrying out each of the following conversions to yield a product that 
is as free of isomers as possible. 


(a) HO OH Br Br 
CH 3 CH; 


(b) (CH,),CH(CH,),OH ——> (CH,),CH(CH,),Cl 
(c) CH; HC 


-CHCH: CH, 
| — 3: 
ОН 
(d) Е шт л — ар d i à 
OH Вг 


10.20 Give the structure of two secondary alcohols that could be converted by HBr/H;SO, into the 
corresponding alkyl bromide without rearrangement. 
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10.5 OXIDATION AND REDUCTION IN ORGANIC CHEMISTRY 


The previous sections have discussed the substitution and elimination reactions of alcohols 
and their derivatives. These reactions have much in common with the analogous reactions of 
alkyl halides. Now we turn to a different type of reaction: oxidation. Oxidation is a reaction of 
alcohols that has no simple analogy in alkyl halide chemistry. 


A. Half-Reactions and Oxidation Numbers 


An oxidation is a transformation in which electrons are lost; a reduction is a transformation 
in which electrons are gained. Each oxidation is accompanied by a reduction, and vice versa. 
The gain or loss of electrons can be illustrated with a half-reaction, which shows either the 
oxidation or the reduction but not hoth, An example of such a half-reaction in organic chem- 
istry is the oxidation of ethanol to acetic acid: 


| 
Пу — ОН ee ЫЕ — Н 
ethanol acetic acid (110.27) 


This is a half-reaction because the reagent that brings about this oxidation (and is itself re- 
duced) is not included. That this is an oxidation can be demonstrated by balancing the half re- 
action using protons and free electrons. a technique that you may have learned in general 
chemistry. This process involves three steps: 


Step 1 Use H,O to balance missing oxygens. 
Step 2 Use protons (that is, Н?) to balance missing hydrogens. 
Step 3 Use electrons to balance charges. 


This process is illustrated in Study Problem 10.2. 


Study Problem 10.2 


Write the transformation of Eq. 10.27 as a balanced half-reaction. 


Solution 
Step 1 Balance the extra oxygen on the right with a water on the left: 
CHi;CH;OH + Н,0 — Hj4C—C— OH (oxygens are balanced) (10,282) 
Step 2 Balance the extra hydrogens on the left with four protons on the right: 


| 
CH,CH;OH + H,O ——* H;C—C—OH + 4H* (hydrogens and oxygens are balanced) — (10.28b) 


Step 3 Balance the extra positive charges on the right with electrons so that the charges on both sides of 
the equation are equal: 


| 
CH,CH,OH + Н.О ——> H,C—C—OH + 4H* + 4е7 (everything is balanced) | (10.280) 


The result is the balanced half-reaction. 


Step 1 


Step 2 


Step 3 


| Study Problem 10.3 


Step 1 
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According to this half-reaction, four electrons are lost from the ethanol molecule when acetic 
acid is formed. The loss of electrons means physically that this half-reaction can be carried out 
at the anode of an electrochemical cell. In most cases, though, we carry out oxidations with 
reagents (rather than anodes) that accept electrons, called oxidizing agents, which are dis- 
cussed in Sec. 10.5B. Nevertheless, on the basis of this half-reaction, it can be said that the ox- 
idation of ethanol to acetic acid is a four-electron oxidation. You will see this type of terminol- 
ogy used frequently if you study biochemistry. 

А quicker way to determine whether a transformation ts an oxidation or a reduction, as well 
as how many electrons are involved, is to determine oxidation numbers for the reactant and 
product. This is a three-step “bookkeeping” process that focuses on individual carbon atoms 
involved in the transformation. After glancing over these steps. read carefully through Study 
Problem 10.3. which takes you through this process. 


Assign an oxidation level to each carbon that undergoes a change between reactant and 
product by the following method: 
a. For every bond from the carbon to a less electronegative element (including hydrogen), 
and for every negative charge on the carbon, assign а — J. 
b. For every bond from the carbon to another carbon atom, and for every unpaired electron 
on the carbon, assign a О. 
c. For every bond from the carbon to a more electronegative element, and for every posi- 
tive charge on the carbon, assign a + |. 
d. Add the numbers assigned under parts (a), (b). and (c) to obtain the oxidation level of 
the carbon under consideration, 


Determine the oxidation number М, of both the reactant and product by adding, within 
each compound, the oxidation levels of all the carbons computed in step 1. Remember: 


Consider only the carbons that undergo a change in the reaction. 


Compute the difference N, (product) — N (reactant) to determine whether the transfor- 
mation is an oxidation, reduction, or neither. 

a. If the difference is a positive number, the transformation is an oxidation, 

b. If the difference is a negative number, the transformation is a reduction. 

c. If the difference 15 zero, the transformation is neither an oxidation nor a reduction. 


OX 


Use oxidation numbers to decide whether the transformation in Eq. 10.27 (also shown below) is 
an oxidation or a reduction. 


| 


ethanol acetic acid (10.27) 


Solution 

For both the reactant and the product, compute the oxidation level of each carbon that undergoes a 
change. Because the methyl group is unchanged, you don't need to assign an oxidation level to its 
carbon. Only one carbon is changed. For this carbon, — I is assigned for each bond to hydrogen; 0 
Is assigned to the bonds to carbon; and +1 is assigned to the bonds to oxygen. The carbon-oxygen 
double bond of the product is treated as two bonds and makes a contribution of +2. Add the result- 
ing numbers. 
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OH 0 
adl. 5 [+2 
Reactant: H,C Y "a H Product: H;C 7 C qu? H 
H 
sum: (+1) +0 +(-1) +[—1) =] Sum: 0+/+1) 4/42) =+3 
Step 2 Add the oxidation levels for each carbon that changes to determine the oxidation number. Because 


only one carbon changes, the oxidation level of this carbon, computed in step 1, is the oxidation 
number of the compound, Therefore, № (reactant). the oxidation number of the reactant ethanol, 
is — 1; and N,, (product), the oxidation number of the product acetic acid, 15 +3. 


Step 3 Compute the difference №, (product) — N,,(reactant), which is +3 — (—1) = +4. Because this 
difference is positive, the transformation of ethanol to acetic acid is an oxidation. 


Notice that the change in oxidation number, +4, determined in Step 3 of Study Problem 
10.3, is the same as the number of electrons lost, determined in Study Problem 10.2 from the 
balanced half-reaction. This correspondence is general. That is. the change in oxidation num- 
ber is always equal to the number of electrons lost or gained in the half-reaction. lf the num- 
ber is positive, as in this example, the transformation is an oxidation. If it is negative, the trans- 
formation is a reduction. 

In some transformations that are neither oxidations nor reductions, the oxidation level of 
one carbon in a molecule can be increased and the oxidation level of another carbon can be de- 
creased by the same amount. It is the sum of alf of the changes in carbon oxidation levels that 
determines whether a net oxidation or reduction has occurred. This situation is illustrated in 


Study Problem 10.4. 


Study Problem 10.4 
| Verify that the acid-catalyzed hydration of 2-methylpropene is neither an oxidation nor a reduction. 


sol ution First, write the structures involved in the transformation: 
НС CH; 


С=сн, DE Beith 
Н.С OH 
2-methylpropene tert-butyl alcohol 


The oxidation number of the organic reactant, 2-methylpropene, is —2. 


0 —2 
нус} | | 
C=CH, Noe = 0 + (-2) = –2 


H3C 
The oxidation number of the organic product, tert-butyl alcohol, is also —2: 


+1 3 
CH; t 
му 
H,C—C—CH;, Nox = TAI: (—3) = — 2 
OH 
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Notice that an oxidation level is computed for only the one methyl group that was formed as a 
result of the transformation. Because the oxidation numbers of the reactant and product are equal, 
the hydration reaction is neither an oxidation nor a reduction. The same conclusion mnst apply to 
the reverse reaction, the dehydration of the alcohol to the alkene, 


The methods described here show that the addition of Br, to an alkene ts an oxidation (the 
change in oxidation number 15 +2): 


Br Br 
R—CH-—CH—R + Br; —- R—CH—CH—R (10.29) 
Nox = —2 Nox = 0 


Thus, whether a reaction is an oxidation or a reduction does not necessarily depend on the 
introduction or loss of oxygen. However, in most oxidations of organic compounds, either a һу- 
drogen in a C—H bond or a carbon in a C—C bond is replaced by a more electronegative ele- 
ment, which тау be oxygen, but which may also be another element such as a halogen. 


bee Shi 10.21 Considering the organic compound, classify each of the following transformations, some of 
which may be nnfamiliar, as an oxidation, a reduction, or neither. For those that are oxida- 


tions or reductions, tell how many electrons are gained or lost. 
Br; 


(a) CH, light СН,Втг 
(Б) 
Cot | 
Ph—CH; —mo* Fh—C—4O0H 
(c) OH 


Я | 
Weare EA. mco-0 — 0H 


(d) сн,сн,сн e CH. CH.CH, + 1- 
(е) H Ph js 
ped EUM, H6—C—G—H 
HC H OH OH 
iF) CH; 1 CH; 
H.C—CHesC —9, HO, CHIC—OH + O=C 
CH; CH; 


(g) Br (№) = 
— 
МН; 
Н H 


10.22 Write the transformations in parts (b) and (e) of Problem 10.21 as balanced half-reactions. 


456 CHAPTER 10 » THE CHEMISTRY OF ALCOHOLS AND THIOLS 


B. Oxidizing and Reducing Agents 


Study Problem 10.5 


Oxidations and reductions always occur in pairs. Therefore, whenever something is oxidized, 
something else is reduced. When an organic compound is oxidized. the reagent that brings 
about the transformation is called an oxidizing agent. Similarly, when an organic compound 
is reduced, the reagent that effects the transformation is called a reducing agent. 

For example, suppose that chromate ion (CrO; ) is used to bring about the oxidation of 
ethanol to acetic acid in Eq. 10.272; in this reaction, chromate ion is reduced to Cr^*. We cal- 
culate the change in oxidation state for chromium in this reaction by calculating the oxidation 
states of Cr in the reactant and product and then taking the difference. To determine the oxi- 
dation state of Cr, we apply essentially the same technique we used for determining the oxida- 
tion state of carbon. Let's start with the oxidation state of Cr in chromate ion. 


{7 
"m 
O= Cr OF chromate ion 
+ || 
"m 


Sum = oxidation number of Cr = +6 


Each single bond to oxygen makes a contribution of +1 and each double bond to oxygen a 
contribution of +2. (The negative charges do not enter into the calculation because they are on 
oxygen, not chromium.) The oxidation number of Cr ts therefore +6. We indicate this by say- 
ing that Cr is in the +6 oxidation state and abbreviate this oxidation state as Cr( VI). 

When Сг is used to oxidize ethanol, Cr^* is formed. To compute the oxidation state of 
Cr^*, we count +t for each positive charge. Thus, Ст’ has an oxidation state of +3. Hence. 
chromium changes oxidation state from Crò VI) to САШ), and consequently, chromate ion un- 
dergoes a three-electron reduction. We can verity this by balancing the corresponding half- 
reaction: 

8H' + Зе + CrO; —- Cr" + 4Н.О (10.30) 


A complete, balanced reaction for the oxidation of ethanol to acetic acid hy chromate is ob- 
tained by reconciling the electrons in the half-reactions given by Eqs. 10.28c (p. 452) and 
Eq. 10.30. That is, every mole of СМІ) (Зет gained) can oxidize three-fourths of a mole of 
ethanol (0.75 X 4e" lost). A more structured process for balancing the overall reaction is 
illustrated in Study Problem 10.5. 


Give a complete balanced ru for the oxidation of ethanol to acetic acid by chromate ion. 


Solution The two half-reactions are 


CH,CH,OH + H:O ——» CH,CO,H + 4H* + 4e7 (10.312) 


8H* + 3е- + СО} ——- Cr+ + АН,О (10.31b) 


Multiply each equation by a factor that gives the same number of "free" electrons in both half- 
reactions. Thus, multiplying Eq. 10.31a by 3 and Eq. 10.31b by 4 gives 12 electrons in both 
reactions: | 


3CH;CH;OH + зно — ЗСН,СО,Н + 12H* + 12e7 (10.32а) 
32H* + " + 4CrO}> —- 4CP* + 16Н,О (10.32b) 


aa 


STUDY GUIDE LINK 10.2 
Моге оп 
Half-Reactions 
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Add these equations, canceling like terms on both sides. Thus, all electrons cancel: the three water 
molecules on the left are canceled by three of those on the right to leave 13 water molecules on 
the right; and the 12 protons on the right are canceled by 12 of those on the left, leaving 20 pro- 
tons on the lett. Hence, the fully balanced equation is 

20H* + 4CrOj- + 3CH4CH;OH ж 4Cr** + 3CH4CO;H + 13H;0 (10.33) 


This equation shows that three ethanol molecules are oxidized for every four chromate ions 
reduced, or, as noted earlier, three-fourths of a mole of ethanol per mole of chromate ion, 


By considering the change їп oxidation number for a transformation, you can tell whether 
an oxidizing or reducing agent is required to bring about the reaction. For example, the fol- 
lowing unfamiliar transformation is neither an overall oxidation nor reduction (verify this 
statement): 


CH; ca єн, ii 
| 

| | 
OH OH CH, 


Although one carbon is oxidized, another is reduced. Even though you might know nothing 
else about the reaction, an oxidizing or reducing agent alone would not effect this transforma- 
tion. (In fact, the reaction is brought about by strong acid.) 

The oxidation-number concept can be used to organize organic compounds into functional 
groups with the same oxidation level, as shown in Table 10.1 on p. 458. Compounds within a 
given box are generallv interconverted by reagents that are neither oxidizing nor reducing 
agents, For example, alcohols can be converted into alkyl halides with HBr. which is neither 
an oxidizing nor a reducing agent. On the other hand, conversion of an alcohol into a car- 
box ylic acid involves an increase in oxidation level, and indeed this transformation requires an 
oxidizing agent. Notice also in Table 10.1 that carbons with larger numbers of hydrogens have 
a greater number of possible oxidation states. Thus, a tertiary alcohol cannot be oxidized at the 
a-carbon (without breaking carbon—carbon bonds) because this carbon bears no hydrogens. 
Methane, on the other hand, can be oxidized to CO.. (Any hydrocarbon can be oxidized to 
CO, if carbon-carbon bonds are broken; Sec. 2.7.) 


PROBLE ' А Tx ; 
нч MS 10.23 Indicate which of the following balanced reactions are oxidation-reduction reactions and 


which are not. For those involving oxidation-reduction, indicate which compound(s) are 
oxidized and which are reduced. (Hint: Consider the change in the organic compounds in 
each reaction first.) 
(a) H,c—cH, + Н, —". mH,c—cH, 
(b) CH;CH;Br + Lit ~AIH, ——» CHCH; + Li* Bro + AIH, 
(c) H};C—CH=CH; + Br, —» H,C—CH—CH; 
Н Br 

(d) CH; CH; 

Ph—CH—OH; +O —» ue Rn 


Су СН 
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10.24 How many moles of permanganate are required to oxidize one mole of toluene to benzoic 
acid? (Use H,O and protons to balance the equation.) 


Ph—CH; + MnO; ——> Ph—CO,H + MnO., 


toluene permanganate benzoic acid manganese 
dioxide 


10.25 How many moles of dichromate are required to oxidize one mole of ethanol to acetaldehyde? 


CH,CH,OH + СО ——» CH,CH=O + Cr" 
ethanol dichromate acetaldehyde 


Eu comparison of Oxidation States of Various Functional Groups 


All molecules in the same box have the same oxidation number. 
X = an electronegative group such as halogen 


Methane increasing oxidation number 


increasing oxidation number ————————- 
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OXIDATION OF ALCOHOLS 


A. Oxidation to Aldehydes and Ketones 


Primary and secondary. alcohols сап be oxidized by reagents contuning CrtW1)}—that is. 
chromium in the +6 oxidation state—to give certain types оеро compounds tcompounds 


that contain the carbonyl group, (=O). For example, secondary alcohols are oxidized 10 


ketones: f 
OH ©) 
| | 
5 4 : = = E ` GEL Je E * gon ^ ES А А ^ 
CHiCHCBH-CIHECIECH CH«CH, AE - CH CHC VCH CH CH-CE, {10.35} 
: : = : agitis Но : 
2-octanol a 2-octanone 
ШЕШ" vield! 
OH O 


СШ, | (10.361 
pyridine 


(АЫ, viel) 


Several forms of СУМ can be used to convert secondary alcohols into ketones. Three of 
these are chromate (СО: ), dichromate (Cr,Os 5, and chromic anhydride or chromium trioxide 
(CrO. The first iwo reagents are customarily used under strongly acidic conditions; the last ts 
often used in pyridine. In all cases. the chromium is reduced to a form of Cn ID such as Cr". 

Primary alcohols react with Crée VI reagents to eive auldehydes. However. if water is pre- 
sent, the reaction cannot be stopped at the aldehyde stage. because aldehydes are. further 
oxidized to carboxylic acids: 


О О 
| | 
— а K Cr : KAT x i 
CH CH.CHCH LOH PETS PECL CH CH CHCH aor Ne OH 
(ili; CH, CH; 
2-methyl-1-butanol 2-methylbutanal 2-methylbutanoic acid 


TURTA 


For this reason, скеле preparations of Cr( VID) are generally used for the laboratory prepa- 
ration of aldehydes from primary alcohols, One commonly used reagent of this ype 15 a com- 
plex of pyridine. HCI. and chromium trioxide called pvridintum chlorochnromate, which goes 
hy the acronym “PCC.” This reagent is typically used in methylene chloride solvent. 


I puc С) 
"ses | 


POC | . - 
CELACH 94H ТОЗА 


НОЕ ТЕЕ 


CHa CHAJSCH;OH 


]-decanol decanal 
ERIS 


Waer promotes the transformation et aldehydes into carboxylic acids because, in water, aldehydes 
are im equilibrium with hydrates formed by iuldinion of water across the C=O double bor. 
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O OH О 
| Т" | 
| | | xà 
R—GH + HO ч” R—CH—0H ————- k- OH ОА 
an чекде An dhbchyde hyilrate яла acid 


Aldehs de hydrates are realls alcohols and therefore ean be oxidized just like secondars alcohols. Be- 
cause of the absence of water in anl dreus reagents such as POC. а 1.1 -diod does not form, and the 
reaction stops al the aldehyde. 


Tertiary alcohols are not oxidized under the usual conditions. For oxidation ef alcohols at the 
ec- carbon Lo occur. Vie a-curben atem mast bear one or morc Iivdvogen atem. 

The mechanism of aleohol oxidation by Cr Yh involves хел ега steps that have close analo- 
uies to other reactions. Consider, for example, the oxidation of isopropyl alcohol to the ketone 
acetone bs chromig асн {Н.С ТО. The first steps of the reaction imole an acid-catals zed 
displacement of water from ehromie acid by the alcohol to form a cremate ester, t This ester 
i^ analogous to ester derivatives of other strong acids: Sec. ТОС) 


Н «&: (} O) HC. - 
3: | \ 4 ШИШ ж | | 
CII—O0H - Cr — UH —Q0-—tU0r—O0 : Н.О гна 
Pi | x Ww Several steps | 
н.с: HO Оп HAC OH 
isopropyl alcohol chromic acid 3 xhromate ester 
After protonation. of the chromate ester (Eq. [0.4051 it decomposes in a B-eliminanon 
reaction (Eq. FO 4609 ). 
HC C) НС, - 
[| SN 
| | £f 3 d 6 ‘ | + E 
CH—O—Cr=0 1 II—OH, а CH -O—UCr—OlH ~ ОН. 41040 
H €: LY ine OU] 
CII, () Ht 71) (2 j 
| \ [ [ 
А r [ nz pI ^ _ ! + i a ae 
HG 6750 T Cr = OH — = C =i) + PT ш -————c- SGr—Oll Н LIEU AEG 
| il 7 | Tu 
Н | OH Н. ET OH | 
| 
t || acetone СЕЙ” 
H X EN ww 


chromium 
t| | accepts 

electrons | 
This last step is essentially an £2 reaction. Because Cr VI is particularly electronegative, vs- 
pecialls when protonated, the chromium readily accepts an electron pair and is thus reduced, 
The reaction is so гары that the Brensted base in the reaction can be vers weak: in fact; water 
Is the base in Г. 10 40e. In the resulting H.CrO; Ps product. chremium is in а * d oxidation 
state, The ultimate by-product is Cr * because. in subsequent reactions, СЕМ i and. СМП 
react ta give b¥o equivalents of à Cro V i species, which then oxidizes an additional molecule 
of alcohol by a similar mechanism. 


Crt PM + Girt VTi Mme. 26GrVI UJ pas 


Cr( V) + (CH,LCH—OH —= СНИ КС nC + 2H* ош 
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The Breath Test for Alcohol 


Law enforcement officers can use any of several devices to determine a person's blood alcohol level, 
and two of these are based on ethanol oxidation to acetic acid. All of the devices are based on the 
fact that, in the lungs, a known small fraction of ethanol in the blood escapes into the air that is sub- 
sequently exhaled, and it is the alcohol content of this exhaled vapor that is analyzed. In the original 
measuring device, called a"breathalyzer," the exhaled air is collected and allowed to react with acidic 
potassium dichromate (K,Cr;O7). The alcohol reduces the Cr(VI) to Cr°*. The resulting change in 
color af the chromium from the yellow-orange of the Cr(VI) oxidation state to the blue-green of Cr^* 
is detected by a simple spectrometer. The amount of Cr(VI) reduced is calibrated in terms of percent 
blood alcohol. (See Problem 10.49 at the end of the chapter.) A тоге recent device uses electro- 
chemical technology. The alcohol is oxidized at a platinum electrode to produce acetic acid along 
with four protons and four electrons. (See Study Problem 10.2 on p.452.) The resulting electron flow 
in the electrochemical cell is detected and calibrated in terms of blood alcohol concentration, А 
third device uses infrared spectroscopy (Chapter 12) to detect ethanol. 


B. Oxidation to Carboxylic Acids 


As noted 1n the previous section (Eq. 10.37), primary alcohols can be oxidized to carboxylic 
acids using aqueous solutions of СМІ). such as aqueous potassium dichromate (K;Cr;O.) in 
acid. Another useful reagent for oxidizing primary alcohols to carboxylic acids is potassium 
permanganate ( KMnO,) in basic solution: 


(3 { ) 
4 Кліп, , 3, » - | HC] з E А | 
Ша а —-ou " CHiCH;,CH,CH;CHC — От ———» CHiCH;CH;CH;CHC —0O|! 
C-H; СН, СН: 
2-ethyl-1-hexanol a carboxylate ion 2-ethylhexanoic acid 
(conjugate base of the (74% vield) 


carboxvlic acid) 
(10.42) 


As shown in this equation, the immediate product of the permanganate oxidation 1s the conju- 
gate base of the carboxylic acid because the reaction is run in alkaline solution. Isolation of the 
carboxylic acid itself requires addition of a strong acid such as HCI or H,SO, in a second step. 

The manganese in KMnO, is in the Mn(VII) oxidation state: in the oxidation of alcohols, 
It is reduced to MnQ,, à common form of Mn(IV). Because KMnO, reacts with alkene double 
bonds (Sec. 11.5A). Cr(VD) is required for the oxidation of alcohols that contain double or 
triple honds (see Eq. 10.36). 

Potassium permanganate is not used for the oxidation of secondary alcohols to ketones be- 
cause many ketones react further with the alkaline permanganate reagent. 


A oin nis 10.26 Give the product expected when each of the following alcohols reacts with pyridinium 
chlorochromate (PCC). 


(а) CH,CH;OH (b) HO—CH;CH,CH;— OH 


OH 
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10.27 From which alcohol and by what method would each of the following compounds best be 
prepared hy an oxidation? 
(a) (CH,),CHCH,CH,CH,CO,H (b) f 


CH;CH;CCH;CH; 


te ctn pn 
(CHa): CCH ;CH;,CH;CH CH= 0 


BIOLOGICAL OXIDATION OF ETHANOL 


Oxidation and reduction reactions are very important in living systems. A typical biological 
oxidation is the conversion of ethanol into acetaldehyde, the principal reaction by which 
ethanol is removed from the bloodstream. 


biological oxidation 


CHCH OH CH,CH—O (10.43) 


ethanol acetaldehyde 


The reaction is carried out in the liver and 1s catalyzed by an enzyme called alcohol dehydroge- 
nase. (Recall from Sec. 4.9C that enzymes are hiological catalysts.) The oxidizing agent is not 
the enzyme, but a large molecule called nicotinamide adenine dinucleotide, abbreviated МАР“; 
the structure of МАР” and a convenient abbreviated structure for it are shown in Fig. 10.1. When 


abbreviated structure 
for NAD* 


OH OH 


NAD* 


Figure 10.1 Abbreviated and full structures of NAD”. The colored portion of the full structure is abbreviated as 
an R-group. 
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ethanol is oxidized, МАР? is reduced 10 a product called NADH, The hydrogen removed from 
carbon-I of the ethanol ends up in the NADH: the — OH hydrogen is fost as a proton. 


[1 
| CONH: Чор! 
H.C—C—0H + | p nene CHO + + HO* 
| | i acetaldehyde 
ethanol К 
NAD* NADH (10.443 


The compound МАЮ? is one of natures most important oxidizing agents. (From the per- 
spective of laboratory chemistry, it might be called “nature's substitute for СКУ) МАР? is 
an example of a coencvie. Coenzymes are molecules required, along with enzymes, for eer- 
ип biological reactions to occur. For example. ethanol cannot he oxidized by an enzyme un- 
less the coenzyme МАЮ is also present, because NADY is one of the reactants. Thus, an 
ethanol molecule and an МАР? molecule are juxtaposed when they bind noncovalently to al- 
cohol dehydrogenase, the enzyme that catalyzes ethanol oxidation. [t is within the complex of 
these three molecules that ethanol is oxidized to acetaldehyde and МАР is reduced to 
NADH. 

The coenzymes NAD* and NADH are derived from the vitamin niacin. a deficiency of 
which is associated with the disease pellagra (black tongue}. Many biochemical processes em- 
poy the NAD* a NADH interconversion, some of which reoxtdize the NADH formed in 
ethanol oxidation back to NADY, 


Fermentation 


The human body uses the ethanol-to-acetaldehyde reaction of Eq. 10.44 to remove ethanol, but 
yeast cells use the reaction їп reverse as the last step in the production of ethanol.Thus, yeast added 
to dough produces ethanol by the reduction of acetaldehyde, which, in turn, is produced in other re- 
actions from sugars in the dough. Ethanol vapors, wafted away from the bread by CO, produced in 
other reactions, give rising bread its pleasant odor. Special strains of yeast ferment the sugars in corn 
syrup, grape juice, or malt and barley in the production of whiskey, wine, or beer. For the fermenta- 
tion reaction to take place, the reaction must occur in the absence of oxygen. Otherwise, acetic acid, 
CH,CO,H (vinegar, or "spoiled wine"), is formed instead by other reactions. In winemaking, air is €x- 
cluded by trapping the CO, formed during fermentation as a blanket in the fermentation vessel. 
Because the production of alcohol by yeast occurs in the absence of air, it is called anaerobic fermen- 
tation. This is one of the oldest chemical reactions known to civilization. 


How does NAD* work as an oxidizing agent! The resonance structure of NADY shows that 
because the nitrogen in the ring can accept electrons, the molecule takes on the character of a 
carbocation: 


vcarbocation resonance form 


H LC 
` CONH. 
| - (11.45) 
fu 
^N 
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The electron-deticient carbon of МАП and an e-hydrogen of ethanol ceolor) are held in prox- 


imitv by the enzyme. The carhocation removes a йел (a hydrogen with two electrons? 
from the e-carbon of ethanol: 


H H H 
lu 8 | x 
H4C—U€C—OH H,0—C—OH -—— HC —C—O0H 
9 c o : 
H 
| — 


СОМИ. 10464) 


Although this reaction may initially look strange. it is really just like à carbocation rearrange- 
ment invols ing the migration of à Bydrkide (See. 4. 7D, exeept that in this ease the hydride 
moves to a different molecule. As a result; NADH and а new carbocation ате formed. Bs loss 
of the proton hound to oxygen, acetaldehyde ts formed, 


Н E H 
| + 1 б “= + 


The acetaldehyde and NADH dissceciate from the enzyme. which is then reads for another 
round of catal sis (NADH acts as a reducing agent in other reactions. bx whieh itis converted 
back into МА?) 

Despite the fact that the NADY molecule is large. the chemical changes that occur when it 
serves as an oxidizing agent take place im a relatis ely smali part of the molecule, A number of 
other coenzymes also have complex structures but undereo simple reactions. The part of the 
molecule abbreviated bs SR” in Fig. 10.) ер. 462) provides the groups that cause it to bind 
tightly to the enzyme calalyst but remains unchanged in the oxidation reaction. 

This section. has shown that the chemical changes which occur in NAD*-promoted 
oxidations have analogies in common laboratory reactions. Most other biochemical reactions 
have common Jaboraters analogies as well; Even though the molecules involved mas be com- 
plex, their chemical transformations are in most cases relatisely simple. Thus, eim miderstaid- 
Big of the undeamenmtil туре ef organie reactions aad their mechanisms is essential in the 
study of biochemical processes. 


ici sone = 10.28 Give a curved-arrow mechanism for the following oxidation of 2-heptanol, which proceeds 


in 82% yield. 
OH 


| 
CH;CHCH;CH;CH,CH,CH; + Ph,C* BH; ——» 
à relatively 


stable carbocation 


{7 


CH4CCH;CH;CH;CH;CH, + HBF, + PhCH 


2-heptanol 


2-heptanone 
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CHEMICAL AND STEREOCHEMICAL 
GROUP RELATIONSHIPS 


Different molecules with the same molecular formula -bomers eun have various relition- 
ships: they can be constitutional isomers. or thes ean be stereoisomers, which in turn can be di- 
üsterenmers or enaniiomers (Chapter 6) The subject of this section is the relationships that 
groups wig molecules can have. This subject is particularly important in two areas. First. it 
Is important in understanding the stereochemical aspects of enzyme catalysis. We d] demon- 
strate this by returning to the oxidation of ethanol. the reaction discussed in Sec. 10.7, Second, 
the subject of group relationships is important in spectroscopy. particularly nuclear magnetic 
resonance spectroscopy. which is discussed in Chapter ТА. 


A. Chemical Equivalence and Nonequivalence 


Tras sometimes important to Know when two groups within a molecule are ейел equiv- 
dient, When two groups are chemically equivalent, thes behave in exactly the sane was to- 
ward a chemical reagent, Otherwise. they are chemically nonequisalent. 

An understanding of chemical equivalence hinges. бтм. on the concept ol солоне 
equivalence, Groups within a molecule ure constitutional equivalent when they have the 
me eonneetis itv relationship to alb other atoms in the molecule. Thus. within each of the lol- 
lowing molecules. the hydrogens shown m color are vonstitutionally equivalent: 


H Н Cl oH 

| | | | 
Bcc Rescon не—си—с—С 

| | 

H Н Н 

E н C 


For example. in compound C. each of the red hydrogens is connected to а carhon that is con- 
nected to a chlorine and to a CH;CHCI 
nectivity. relationship to the other. atoms in the molecule. On the other hand, the H C — 
hydrogens methanol (Molecule A are eonstitutionally nonequivalent tothe - CH. — hydro- 
sens. The H,C— hydrogens are connected lo a carbon that is connected to а — C H.OH. but 
(he СН, hydrogens are connected to a varbon that is connected lo ап —OH and u 
—CH,, However the (Wo —CH.— hydrogens of ethanol (5, redi? are constitutionally equiv- 
alent. as are the three H,C— hydrogens. 

In general. comstinetionaliy nonequivalemt groups are chemically nonequivalenr. This 
means That constitutionalls nonequivalent groups hase different chemical behas ior, Thus, the 
H,C— and —CH. — hydrogens of ethyl асо. which are constitutienally nonequisalent. 


eroup. Each of these hydrogens has the same con- 


have different react Wes toward chemical reagents, A reagent that reacts with one type of hy- 
drogen will in general hive a different reactivity (or perhaps none at all) with the other type. 
For example. the oxidation of ethanol with Cri YD reagents results in the loss of à СН. 
hydrogen. but the H,C— hydrogens are unalTected. Consequently, the two ty pes of hydrogens 
have very different reactivities with the oxidizing agent, 

Constitutional renequivalenee is a sufficient but not а necessary. condition [or chemical 
nonequivalenee. That is; some eonsiuutionalls equivalent groups are chemically nonequiva- 
lent. Wherber ove constiruttonallv equivalent groups are chemically equivalent depends on 
heir stereochemical relationship, VPherelore, to understand chemical equivalence, we need to 
understand the various stereochemieet relationships tbat are possible between vonsututionalls 
equivalent groups, 

The stereochemical relationship between constitutionally equivalent groups is revealed Di 
à substitution test. [n this test. we substitute each constitutionalis. equivalent group im turn 
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with a tictitious circled group and compare the resulting molecules. Their stereochemical re- 
lationship determines the relationship of the circled groups. This process is best illustrated by 
example. starting with the molecules A. B. and C shown earlier in this section. Substitute each 
hydrogen of molecule A with a cireled hydrogen: 


H H T 
| | 
C (HOT) 


[o | Eo Б | 
H7 ^ Cl im turn H ~S @/ `c 1 lc 
H H H 


2 A А. A3 


substitute euch 


Each of these "new molecules is identical to the other. For example, the identity of Af and A2 
I» shown in the [ollowing way: 


^ rotate molecule 120 H 
кы abaut < Cl bond | 
C 


Es — 2C 
HU ^ MY ^a 
H " H 


When the substitution test gives identical molecules. as in this example, the constitutionally 
equivalent groups are said to be homotopic. Thus, the three hydrogens of methyl chloride 
(compound A) are homotopic. /fomotopic groups are chemically equivalent amd indistinguish- 
able under ail circumstances, Thus. the homotopic hydrogens af compound A (methyl chlo- 
ride) ali have the same reactivily toward any chemical reagent; it is impossible to distinguish 
among these hydrogens, 

Substitution of cach of the constitutionally equivalent —CH.— hydrogens in molecule В 
(ethanol) gives enanifemcrs: 


BELEST) 


2%. 
i 

CH, CH; CH; 

| | lecule 180 | 

C ds rotate molecule 181 с, [LOL 40) 
я TM wy. тч. Е 

@/ ^он HY! ^он Ho^ ХӨ 

Н (Н) | ч 


HI В2 H2 


і Е | 
| enantiomers: 


When the substitution test gives enantiomers, the constitutionally equivalent groups are said 
to he enantiotopic. Thus, the two СН, hydrogens of compound # (ethanol) are enan- 
tiotopic, пине юре groups are chemically noneguivalent toward chiral reagents, but are 
chenicaliv equivalent toward achiral reagents. 

Because enzymes are chiral, they can generally distinguish between enantietopice groups 
within a molecule. For example. in the enzy me-catalyzed oxidation of ethanol, one of the pwo 
enantiotopic a-hs drogens is selectively removed, (This point is further explored in the next 
section, | Achiral reagents, however, cannot distinguish between enantiotopie groups. Thus, in 
the oxidation of ethanol to acetaldehyde by chromic acid. an achiral reagent, the a-hydrogens 
of ethanol are removed indiscriminately, 

Vinally, substitution of each of the constitutionally equivalent СН. hydrogens in mol- 
есше € gives erestereomers. 
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H c] H CI 

"E. 0 

E 2a кзы ee 
H G H 


When the substitution test gives diastereomers, the constitutionally equivalent groups are said 
lo be diastereotopic. Thus, the two —CH.— hydrogens of compound C are diastereotopic. 
Drostereetopie groups are chemically nonequivalent under all conditions. For example. the 
hydrogens labeled Н" and H^ in 2-bromobutane (Eg. 10.50) are also diastereotopic. In the E2 
reaction of this compound. andi-eliminaiion of H^ and Br gives cis-2-butene. and ati-elimina- 
tion of H" and Br gives t(piis-2-utene. (Verify these statements using models, if necessary.) 


Н and Н are diastereotopic hydrogens 


H CH, = H CH; 
f | i internal M ur 
Н. A 1" rotation H M. MS 
GO Br ax С св 
Н” CH, J HC Hl 
%—— 


at cha ten gnti-elminatin 


2-hromobutance 


loss ot HC and Br | essed!) and Br 
| reactions occur at different rates 


BINE 
ч p" „СН 
С. C. 
prre Pd EN 
H CH, HC H 
cis-2-butene trans-2-butene 
Ditferent amounts of these two alkenes are formed in the elimination. reaction. precisely 


hecause the two diastereotopic. hydrogens ure removed al different rates—that ts. these 
hydrogens are distinguished by the base that promotes the elimination. 

Diastereotopie groups are easily recognized at a шапе in two important situations; The 
trst accurs when two constitutionally equivalent groups are present in à molecule that con- 
lains an asymmetric carbon: 


i.vmmetric carbon 


H Cho CH, 


ZI PS "De © = diastere« topic o 2 ien е diastere орк 
Hx.—CH—C Сї? НА —©ОН— СН - methyl groups 


| hydrogens 
| = Tr 


ПОН CH; 
The second situation occurs when two eroups on one carbon of à double bond are the same 


and the two groups on the other carbon are different: 


diastereotopic r 


hvdrogens Я 
A. / N : 
( 
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Further Exploration 10.2 
Symmetry 
Relationships among 
Constitutionally 
Equivalent Groups 


As you should readily verify, the substitution test on the red hydrogens gives E,Z isomers, 
which are diastereomers. 

Just as Fig. 6.11 (page 245) can be used to summarize the relationships between isomeric 
molecules, Fig. 10.2 can be used to summarize the relationships of groups within a molecule. 
Notice the close analogy between the relationships between different molecules and the rela- 
tionships between groups within a molecule. Just as two broad classes of isomers are based on 
connectivity—constitutional isomers (isomers with different connectivities) and stereotso- 
mers (isomers with the same connectivities )}—the two broad classes of groups within а mole- 
cule are also based on connectivity: constitutionally equivalent groups and constitutionally 
nonequivalent groups. Just as two different structures can be identical, two constitutionally 
equivalent groups within the same molecule can be homotopic. Just as there are classes of 
stereoisomeric relationships between molecules—enantiomers and diastereomers—there are 
corresponding relationships between constitutionally equivalent groups within molecules— 
enantiotopic and diastereotopic relationships. Just as enantiomers have different reactivities 
only with chiral reagents, enantiotopic groups also have different reactivities only with chiral 
reagents. Just as diastereomers have different reactivities with any reagent, diastereotopic 
groups have different reactivities with any reagent. 

Let's summarize the answer to the question posed at the beginning of this section: When 
are two groups in a molecule chemically equivalent? 


Constitutionally nonequivalent groups are chemically nonequivalent in all situations. 

Homotopic groups are chemically equivalent in all situations. 

3. Enantiotopic groups are chemically equivalent toward achiral reagents, but are chemi- 
cally nonequivalent toward chiral reagents (such as enzymes). 

4. Diastereotopic groups are chemically nonequivalent in all situations. 


mire 


dee MEN 10.29 For each of the following molecules, state whether the groups indicated by italic letters are 


constitutionally equivalent or nonequivalent. If they are constitutionally equivalent, classify 
them as homotopic. enantiotopic, or diastereotopic. (For cases in which more than two 
groups are designated, consider the relationships within each pair of groups.) 


(al | А 
Н CH; 
/ 


эь 
cP T | Classify each pair of methyl groups. 
НАС CH; 
(b) ^H (c) Å 
H;C— C — Вг 
| H 
b H tr 
(d) oF CH, {еј H* H" 
Ph С d rd 
ч EEN oN 
| C CH; 
ds CH; FN : 
Hi H: 
ifi HO COH T Г. 
* i Classify the relationship between each pair ol 


TA Wi 2 0H labeled hydrogens as weli as the relationship 
7 C between carbon-2 and carbon-4. 


Hi He H H° 


HOC 


citric acid 
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Given: Two or more groups within a molecule 
Problem: What is their relationship? 


Are the groups fa. | 
MES constitutionally equivalent? | t 
E. 
DO А SUBSTITUTION TEST The groups are chemically 
nonequivalent under all conditions. (END) 
ERU Are the resulting compounds 
| Yes : > 
“ie”, diastereomers: 


The groups are diastereotopic; 
they are chemically nonequivalent 
under all conditions. (END) 


Are the resulting compounds 
enantiomers’ 


Y 
The groups are enantiotopic; The resulting compounds 
they are chemically must be identical (the only 
equivalent towards achiral remaining possibility). 
reagents and chemically The groups are homotopic 
nonequivalent towards chiral and are chemically equivalent 
reagents. (END) under all conditions. (END) 


Figure 10.2 А flowchart for classifying groups within molecules. 


B. Stereochemistry of the Alcohol Dehydrogenase Reaction 


[n this section we'll use the alcohol dehydrogenase reaction, which was introduced in 
Sec. 10.7. to demonstrate not only that a chiral reagent can distinguish between enantiotopic 
groups. but also how this discrimination can be detected. Suppose each of the enantiotopic 
a-hydrogens of ethanol is replaced in turn with the isotope deuterium (^H, or D). Replacing 
one hydrogen, called the pro-(&)-hydrogen. with deuterium gives (R)-I-deuterioethanot: 
replacing the other. called the pro-($)-hydrogen, gives (5)-]-deuterioethanol. Although 
ethanol itself is лог chiral, the deuterium-substituted analogs are chiral; they are a pair of 
enantiomers: 
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H ——— pro-(5)-hydroge 
l 
Hie ( (M | i pro- HK) ha drogen 


H.C 


ethanal 
[Fischer projection 


Н [) 
| | 
НС" С чыз 1 НО?" Кы, 
/ D / H 
НАС Н 
(R)-C-)-1-deuterioethanol (5)-( —1- I-deuterioethanol 

The deuterium isotope, then, provides a subtle was for the experimentalist to "label" the enan- 
Gatopic a-hydrogens of ethanol and thus to distinguish between them. 


[[ the alcohol dehydrogenase reaction is earned ощ with (A) l-deuterioethanol, env tre 
deuterim is transferred from the aleohol to the NADY: 


— H : Q 
CONH. ' CONE, 
i ds | enzsme | | . 
| + но + HO 7 + HiC—C—B-HO* 
a і ЗЕ 
rU H« acetaldehyde 
R (R)-CE)-1-deuterioethanol R 
NADY NADD OST) 
However. if the alechol dehydrogenase reaction ts curried out on t$) 1 -deurerioethanol. oy 
the hydrogen is transferred. 
H 
) 
CONH, fl ( 
™ i алл | 
| + - НО ж - HC-—C -D - HQO* 
Р HO Сн : юс D- Н, 
Йй НС; D ]-deuterioacetaldehyde 
IM (5)-( — 1- I-deuteriocthanol R 


These two experiments show that fe enzyme distinguishes between the nvo a-Ifvdroegens of 
йине These results eannot be attributed to a primary deuterium isotope effect (Sec, 8 SD) 
because an isotope effect would cause the enzyme to transfer the hydrogen im preferenec to the 
deutermum in both vases. Although the 1sotepe is used to detect the preference for transter of 
one hydrogen and not the other, this experiment requires that even in the absence of the iso- 
lope the enzyme transfers the pro-tA -hydrogen of ethanol. 

The enzyme can distinguish between the wo a-hydrosens of ethanol because the enzyme 
is chiral. and the two a-hydregens are enanzieropic. This case. then, is an example of the prin- 
ciple that enantretopic groups react differently with chiral reagents (Sec. ТОВА). 

Another interesting point about the stereochenmisury of the alcohol dehydrogenase reaction 
is shown in Eqs. 10.5! and 10.52: the deuterium (or hydrogen) that is removed from the iso- 
topically substituted ethanol molecule is transferred specifically to one particular face. or side, 
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of the NAD* molecule. That is. the deuterium in the product NADD (color) occupies the po- 
sition above the plane of the page. This result and the principle of microscopic reversibility 
(Sec. 4.9B. p. 171) require that if acetaldehyde and the NADD stereoisomer shown on the 
right of Eq. 10.51 were used as starting materials and the reaction run in reverse, only the deu- 
terium should be transferred to the acetaldehyde, and (R)- I-deuterioethanol should be formed. 
Indeed, Eq. 10.51 can be run in reverse, and the experimental result is as predicted. No matter 
how many times the reaction runs back and forth, the H and the D on both the ethanol and the 
NADD molecules are never "scrambled": they maintain their respective stereochemical posi- 
tions. Because the R-group in NADH contains asymmetric carbons (Fig. 10.1, p. 462). the two 
CH, hydrogens in NADH are in fact diastereotopic; they are distinguished not only by the en- 
zyme, but also in the absence of the enzyme (at least in principle), although without the en- 
zyme they might not be distinguished as thoroughly. 


PROBLEM ; uf c s i 

PROBLEM | 10.30 In each of the following cases, imagine that the two reactants shown are allowed to react in 
the presence of alcohol dehydrogenase. Tell whether the ethanol formed is chiral. И the 
ethanol is chiral, draw a line-and-wedge structure of the enantiomer that is formed. 


(a) | Н 
2 СОМН, 


Some of the chemistry of thiols is closely analogous to the chemistry of alcohols because sul- 
fur and oxygen are in the same group of the periodic table. For oxidation reactions, however, 
this similarity disappears. Oxidation of an alcohol (Sec. 10.6) occurs at the carbon atom bear- 
ing the —OH group. 


oxidation oxidation 


RCH;OH ж RCH=0 — ———- RCOH (10.532) 


However, oxidation of a thiol takes place at the suhur. Although sulfur analogs of aldehydes. 
ketones. and carboxylic acids are known, they are nor obtained by the simple oxidation of 
thiols: 


О 5 
: oxilalyon oxidation | | 
RCHSH — 9€ —- RCH—S — M —»- R—C—SH, R—C—OH (0530 


Some oxidation products of thiols are given in Fig. 10.3 (p. 472). The most commonly oc- 
curring oxidation products of thiols are disulfides and sulfonic acids (boxed in the hgure). The 
same oxidation-number calculation used for carbon (Sec. 10.5A) can be applied to oxidation 
at sulfur. 


PROBLEM 
| PROBLEM | 10.31 How many electrons are involved in the oxidation of I-propanethiol to each of the follow- 


ing compounds? (See Fig. 10.3 for the detailed structures of these compounds.) 
(а) l-propanesulfonic acid, CH,CH,CH,SO,H 
(b) I-propanesulfenic acid, CH.CH,CH,SOH 
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disulfide sulfenic sulfinic 
acid acid 


sulfonic 
acid 


ui oxidation level 


Figure 10.3 The oxidation of thiols can give several possible products. Of these, disulfides and sulfonic acids 
(boxed) are the most cammon. 


Multiple oxidation states are common for elements in periods of the periodic table beyond 
the second. The various oxidation products of thiols exemplify the multiple oxidation states 
available to sulfur. The Lewis structures of some derivatives require either more than eight elec- 
trons or separation of formal charge. Consider, for example. the structure of a sulfonic acid: 


cor QE 
R —S$*—-OH ж — R—S—OH (10.54) 
02 С): 
the octet structure has the uncharged structure has 
charge separation 12 electrons around sulfur 


Sulfur can accommodate more than eight valence electrons because, in addition to its occu- 
pied 3s and 3p orbitals, it has unoccupied 34 orbitals of relatively low energy (Fig. 1.12, p. 30). 
The overlap of an oxygen electron pair in a sulfonic acid with a sulfur 3d orbital 15 shown in 
Fig. 10.4; this is essentially an orbital picture of the SO double bond. Notice that much of 
the sulfur 3d orbital is directed away [rom the oxygen 2p orbital: thus. this additional bonding. 
although significant, is not very strong. This is why the charge-separated resonance structure 
in Eq. [0.54 has some importance. 
Sulfonic acids are formed by the vigorous oxidation of thiols or disulides with KMnO, or 
nitric acid (HNO,). 
CHJCH,CHjCH,—8] SSE. ксы сыен, чл тй 


I -butanethial 1-butanesulfonic acid 
72-96% yield] 


Recall that sulfonate esters (Sec. 10.3) are derivatives of sulfonic acids: other sulfonic acid 
chemistry is considered in Chapters 16 and 20. 

Many thiols spontaneously oxidize to disulides merely on standing in air (O,). Thiols can 
also be converted into disuifides by mild oxidants such as 1, in base or Br, in CCL: 


2CH(CH;ASH + 1, + 2NaQH ж  CHaGGCH;A4S5— S(CH;4CH3 + 2Nal + 2H;O (10.56) 


(70% yield) 
2С»Н%5Н + Br, —- C3H;5—SC3H;, + 2HBr (10.57) 
ethanethiol diethyl disulfide 


(nearly quantitative yield) 
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2 0XYgen 2р orbital 


suiltur Ad orbital 


Figure 10.4 Bonding in the higher oxidation states of sulfur involves sulfur 3d orbitals Wave peaks and troughs 
are shown in blue and green, respectively. In a sulfonic acid 850. H; see Eq. 10.54), an electron pair an oxygen over- 
laps with one of several sulfur 3d orbitals. The overlap is indicated with colored tines. Notice that this overlap 15 not 
very efficient because the orbitais have different sizes and because half of the sulfur 3d orbital is directed away 
from the bond. 


A reaction like Eq. 10.56 can be viewed as a series of S42 reactions in which halogen and sut- 
fur are attacked by thiolale-anion nucleophiles. 


(rq x TAL T T , 
R—S—H sp ОН ш” die o H0: (10.584) 
„Тм fo T P bs 
H—5 1—1 — R aopo EE SIRE 
Н— з: R—s8—[H —- R—S 8 BR HU (10.55%) 
е" + m "== rh 


When thiols and disultides are present together in the same solution, an equilibrrum among 
them is rapidly established. For example, if ethanethiel and dipropyl disulfide are combined, 
thes react to eive a mixture of ali possible thinds and disulfides: 


САЛУ = CHiCH;CH;8 —5CH,CH;CH;. ж” i CHGCIGS—SCIECH-CH: + CH;CH;CEH;SH 


ethanethiol dipropyl disulfide ethyl propyl disulfide propanethioi 
10.594) 


СН.СН.5Н — СН CHAS—SCH-CH.CH;,; я” — CH,CH:5—5CH:CH; = CIECH-CH-5H 110,590) 
ethanethio! ethyl propyl disulfide diethyl disulfide propanethiol 
Thiols and sulfides are very important in бачок, Mans enzymes contain thiol groups that 


have ceatalstically essential functions. and disullide bonds та proteins help to stabilize their 
threc-dimensienal structures (See. 26, 9B). 


PROBLEM l à PEN 
| PROBLEM | 10.32 The rates of the reactions in Egs. 10.59a—b are increased when the thiol is ionized by a base 


such as sodium ethoxide. Suggest a mechanism for Eq. 10.59a that is consistent with this ob- 
servalton, and explain why the presence of base makes the reaction faster. 
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SYNTHESIS OF ALCOHOLS 


The preparation of organic compounds from other organic compounds by the usc of one or more 
reactions is called organic synthesis. (his section reviews the methods presented in earlier 
chapters for the synthesis of alcohols, AI of these methods begin with alkene starting materials: 


1. Hsdroboration-oxidation of alkenes (Sec. 3.4B 


3RCH—CU. + ВЫ, ae (RCHSCILAB 27 ЗКСН.СН.ОН ШЕ 


2. Oxymercuration-reduction of alkenes (Sec. SAAN 


ОН OH 


| 
R СНЕСЕ шд. P Re ke 1 9. й СИ сц, — qub 


Acid-catalyzed hydration of alkenes (See. 4.9B? is used industrially to prepare certain al- 
cohols. bul this is not an important laboratory method. In principle, the 5,2 reaction of OH 
with primary alkyl halides can also be used to prepare primary alcohols. This method is of lit- 
tle practical importance, however, because alkyl halides are generally prepared from alcohols 
themselves. 

Some of the most important methods for the synthesis of alcohols involve the reduction of 
carhony] compounds (aldehydes, ketones. or carboxs fic acids and their derivatives). as well as 
the reactions of carbonyl compounds with Grignard or organolithium reagents. These methods 
are presented in Chapters 19, 20, and 21, A summar of methods used to prepare alcohols is 
found in Appendix V. 


DESIGN OF ORGANIC SYNTHESIS 


Sometimes а synthesis of à compound from a given starting material сап be completed with a 
single reaction. More often, however, the conversion of one compound into another requires 
more than one reaction. A synthesis involving a sequence of several reactions is called a mul- 
tistep synthesis. Planning a multistep synthesis involves a type of reasoning that were going 
to examine here. 

The molecule to be synthesized is called the target molecule. To assess the best route to 
the target molecule fram the starting material. you should take the same approach that a mil- 
tars officer might take in planning an ussault—namely. werk backward from the target to- 
ward the starting materia’, The officer does nor send out groups of soldiers from their pre- 
sent position in random directions, hoping that one group will eventually capture the 
objective. Rather, the officer considers the most useful point from which the fiia assault on 
the target ean be carried out—say. а hill or a farmhouse—and plans the approach to that ob- 
jective, again by working backward, Similarly, in planning an organic sinthesis; vou should 
nor try reactions at random, Rather, vou should first assess what compound can be used as the 
immediate precursor of the target, You should then continue to work backward from this pre- 
cursor step-by-step until the route from the starting material becomes clear. Sometimes more 
than one synthetic route will be possible. In such à case. each synthesis is evaluated in terms 
af yield. limitations, expense, and so on. [t às not unusual to find (both in practice and on ex- 
ammalions) that one synthesis ts as good as another, 

The process of working backward from the target is called retrosynthetie analysis. Studs 
Problem 10.6 illustrates this process. 
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Study Problem 10.6 
| — Outline a synthesis of hexanal from |-hexene. 


1-hexene hexanal 


Solution To “outline a synthesis" means to suggest the reagents and conditions required for 
each step of the synthesis, along with the structure of each intermediate compound. Begin by 
working backward from hexanal, the target molecule. First, ask whether aldehydes can be directly 
prepared from alkenes. The answer is yes. Ozonolysis (Sec. 5.5) can be used to transform alkenes 
into aldehydes and ketones. However, ozonolysis breaks a carbon-carbon double bond and cer- 
tainly would not work for preparing an aldehyde from an alkene with the same number of carbon 
atoms, because at least one carbon is lost when the double bond is broken, No other ways of 
preparing aldehydes directly from alkenes have been covered. The next step is to ask how aldehy- 
des can be prepared from other starting materials. Only one way has been presented: the oxidation 
of primary alcohols (Sec. 10.6A). Indeed, the oxidation of a primary alcohol could be a final step 
їп a satisfactory synthesis: 


CH,CH,CH,CH,CH,CH,—OH -=> CH ,CH,CH,CHj;CH,CH=0 
1-hexanol hexanal 


Now ask whether it is possible to prepare 1 -hexanol from 1-hexene; the answer is yes. 
Hydroboration-oxidation will convert 1-hexene into |-hexanol. The synthesis is now complete: 


BH; H;O; 


CH4CH45CH;CH;CH — CH; THE? —NaOH CH4CH;CH;CH;CH;CH;— OH 
1-һехепе 1-hexanol 
PCE 
СНС}, 


hexanal 


Notice carefully the use of retrosynthetic analysis—the process of working backward from the 
target molecule one step at à ume. 


Working problems in organic synthesis is one of the best ways to master organic chemistry. 
It 15 akin to mastering a language: it is relatively easy to learn to read a language (be it а for- 
eign language, English, or even a computer language), but writing it requires a more thorough 
understanding. Similarly, it 18 relatively easy to follow individual organic reactions, but to in- 
tegrate them and use them out of context requires more understanding. One way to bring to- 
gether organic reactions and study them systematically is to go back through the text and write 
а representative reaction for each of the methods used for preparing each functional group. 
(See Study Guide Link 5.2.) For example, which reactions can be used to prepare alkanes? To 
prepare carboxylic acids? Jot down some notes describing the stereochemistry of each reac- 
tion (if known) as well as its limitations—that is, the situations in which the reaction would 
not be expected to work. For example, dehydration of tertiary and secondary alcohols is a 
good laboratory method for preparing alkenes, but dehydration of primary alcohols is not. (Do 
you understand the reason for this limitation?) This process should he continued throughout 
future chapters. 
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The summary in Appendix V can be a starting point for this type of study. In Appendix V 
are presented lists of reactions, in the order that they occur in the text, which can be used to 
prepare compounds containing each functional group. In this summary the reactions have nor 
been written out, because it is important for you to create your own summaries: such an exer- 


cise will help you to learn the reactions. 


X aiias 10.33 Outline a synthesis of each of the following compounds from the indicated starting material. 
(a) 2-methyl-3-pentanol from 2-methyl-2-pentanol 
(b) CH,CH,CH,CH,CH,CH,D from 1-hexanol 


ic) 
COH from CH; 


CH; 


10.34 Show how one can work backwards from the target step-by-step to the 


from CHE GEBCH HCM: 


CH, 


Г] 


‘present situation" in 


each of the following real-life prohlems. 
(a) Target: Starting the car. Present situation: A car that won't start. 
(b) Target: Successfully financing a college education. Present situation: Almost no money. 


KEY IDEAS IN CHAPTER 10 


Ш Several reactions of alcohols involve breaking the 


C—O bond. A unifying principle in all these reactions 
is that the —OH group, itself a very poor leaving 
group, is converted into a good leaving group. 


1. in dehydration and in the reaction with hydrogen 
halides, the — OH group of an alcohol is converted 
by protonation into a good leaving group. The 
protonated —OH is eliminated as water (in 
dehydration) to give an alkene, or is displaced by 
halide (in the reaction with hydrogen halides) to 
give an alkyl halide. 

2. inthe reactions of alcohols with SOCI, and with 
PBr, the reagents themselves convert the — OH 
into a good leaving group, which is displaced in a 
subsequent substitution reaction to form an alkyl 
halide. 

3. In the reaction with a sulfonyl chloride, the alco- 
hol is converted into a sulfonate ester, such as a 
tosylate or a mesylate. The sulfonate group serves 
as an excellent leaving group in substitution or 
elimination reactions. 


In an organic reaction, а compound has been oxidized 
when the product into which it is converted has a 
greater (more positive, less negative) oxidation num- 
ber. A compound has been reduced when the prod- 


uct into which it is converted has a smaller (less posi- 
tive, more negative) oxidation number. The change in 
oxidation number from a reactant to the correspond- 
ing product is the same as the number of electrons 
lost or gained in the corresponding half-reaction. 


Alcohols can be oxidized to carbonyl compoonds 
with Cr(VI). Primary alcohols are oxidized to aldehydes 
(in the absence of water) or carboxylic acids (in the 
presence of water), secondary alcohols are oxidized 
to ketones, and tertiary alcohols are not oxidized. 
Primary alcohols are oxidized to carboxylic acids with 
alkaline KMnO, followed by acid. 


Thiols are oxidized at sulfur rather than at the a-car- 
bon. Disulfides and sulfonic acids are two common 
oxidation products of thiols. 


Just as two isomeric molecules can be classified as 
constitutional isomers or stereoisomers by analyzing 
their connectivities, two groups within a molecule can 
be classified as constitutionally equivalent or consti- 
tutionally nonequivalent. In general, constitutionally 
nonequivalent groups are chemically distinguishable. 
Constitutionally equivalent groups are of three types. 


1. Homotopic groups, which are chemically equiva- 
lent under all conditions. 
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2. Enantiotopic groups, which are chemically non- this reaction is catalyzed by the enzyme alcohol 
equivalent in reactions with chiral reagents such dehydrogenase. Because the enzyme and coenzyme 
as enzymes, but are chemically equivalent in reac- are chiral, one of the enantiotopic a-hydrogens of 
tions with achiral reagents. ethanol is selectively removed in this reaction. 


3. Diastereotopic groups, which are chemically non- 


k ш A useful strategy for organic synthesis is to work back- 
equivalent under all conditions. 


ward from the target compound systematically one 
ш An example of a naturally occurring oxidation is the step at a time (retrosynthetic analysis). 
conversion of ethanol into acetaldehyde by NAD"; 


REACTION /_ | REVIEW For a summary of reactions discussed in this chapter, see Section R, Chapter 10, in the Study 
Guide and Solutions Manual. 
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10.35 Give the product expected, if any, when |-butanol (or (а) а seven-carbon tertiary alcohol that vields a single 
other compound indicated) reacts with each of the fol- alkene after acid-catalyzed dehydration 
lowing reagents. (b) an alcohol that, after acid-catalyzed dehydration, 
(à) concentrated aqueous HBr. Н.50, catalyst, heal yields an alkene that, in turn, on ozonolysis and 
(b) cold aqueous H,SO, treatment with СН, ).5. gives only benzaldehyde. 
(c) pyridinium chlorochromate (PCC) in СН.С1, Ph—CH=0 
(d) NaH (c) an alcohol that gives the same product when it re- 
(e) product of рап (d) + CHI in DMSO acts with KMnO, as is obtained from the ozonoly- 
(Т) p-toluenesultony! chloride in pyridine sis of treams-3.6-dimethyI-A-octene followed by 
(g) CH,CH.CH,MeBr in anhydrous ether lreatment with Н.О.. 
(h) SOCH in pyridine 
(1) excess PBr,, О °C 10.38 The following triester is a powerful explosive. bul is 
(D product of part (a) + Mg in dry ether also a medication for angina pectoris (chest pain). 
(К) product of part (£) + K* (CH,),C—O™ in From what morganic acid and what alcohol is it 

(CH, COH derived" 

(Ir triflic anhydride and pyridine ONO. ONO. ONO, 


(m) product of (D followed by anhydrous K* F^ in 
CH, ——tH —— CH; 


acetonitrile 

[0.36 Give the product expected, if any, when 2-methyi-2- 10.39 in each compound. identify (1) the diastereotopic Auo- 
propanol (or other compound indicated) reacts with rines. (2) the enantiotopic fluorines, (3) the homotopic 
each of the following reagents. fluorines, and (4) the constitutionally nonequivalent 
(a) concentrated aqueous НС! Nuarines, 
(b) CrO, in pyridine (а) р Р th) E Е 
(c) H,SO,, heat NE ы ы 
(d) Вг, in CHC), (dark) A po 


(с) potassium meta! FOE F CH: 
(f) methanesulfonyi chionde in pyridine 


; ! x2 (c) |p T 
(g) product of part (Г) + NaOH in DMSO | 
(h) product of part (e) + product of part (а) Heis 
F CH, 


10.327 Give the structure of a compound thal satisfies the cri- 
terion given in each case. (There may be more than 
one correct answer.] 
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9401 How mans chemically niomequisalent sets of 


10.41 


[0,42 


[i43 


11:44 


lis drogens are im each of the Fellowing stricttnes"? 
асист, 11 (bh Br 
5 d 


CH,0—CH. 


/ No | 
H CI ECT | 
«1 (9) QUIECIH, 


НН. —CII— CIF, 


"Cl 


When rerrz-butx 1 alcohol is treated with Н.О water 
containing the heays oxygen tsatape O) in the pres- 
ence of a small amount ef acid. and the zerr biet] alen- 
hol is re-isolated, it is found to contain “О. Write à 
curxed-arrew mechanism consisting of Bronsted 
ucid-Dase reactions. Lewts acid base ussockilians. and 
Lewis acid-base dissoetutions that explains how the 


маре i8 incerporated inte the aleohed, 


it) When propanol containing deuterium (D, or “Ty 
rather than hydrogen al the oxygen, 
CH,CH-CH.OD., is treated with an excess of HO 
containing a слао amount of NaQli. 1-propanad 
IS formed rapidly. Give a curved-arrow mechanism 
for this reaction; Where does the deuterium go? 

thi How would one prepare CH .CH.CH.OD from l- 
propanol’ 


Indicate whether each of the following transformations 
Is an oxidation, a reduction, or neither, and how mans 
electrons are involved in each oxidation or reduction 
Drocess, 


(а) (OH (1 


CHCHCHEH=O ж CHLCH.CCH.OH 


ih} 
22 SC WE 22 pit 
| | — y + CHOR 
ho d 


(c) {1 
| 
HC € NH. ж СНИМИ. + 0—C—0 
"np CH, Cli. CH, 
| | | 
SPh—U—H — Р 0—7 — рр 
| 
CH, CH. CH: 
ie) ESN E FEIN I —— LCEL C + г] 


Outline a synthesis for the conversion of enantiomeri- 
valh pure (A)-CH CHC ED—OH inte each of the 


THER 


DEN 


10.47 


Following iseropiealls. labeled compounds, Assume 
that Na COH or Н.О is available as needed. 

(a) ($S1-CH,CH.CHD—"0H 

hit CH .CH.CHD 


vontiguraiien correspond to à retention of conhet- 


OH dting Two inversions of 
ration. i 


Qutline a synthesis for each of the follow ing vom- 
pounds from the indicated starting material and am 
other reagents. 


(a) CH, 


Н. Oe И, 


| 
D 


from 2-meths l- 1H -pentanal 


ihi 


CHAXCO.H. from ORIEN 


Ic! 
С) Ко 


cyclopentylethylenc 
from eyclepents Jethy lene 


ni 


COH from evelopenivlethylene 


керчу elapentane from eselepenivIeihwlene 
(Y CIHCHCHICH,— CN from ID-butene i/i: 
See Table Yb. 


Phyl rilate is much more recie than ethyl mesy- 
late te ard nucleophiles in S. 2 reactions. 
9: o 
| 
ССН. Acih Lalla ee Н, 
| 
СІ $. 


ethyl triflate 
nime Tea Layer | 


ethyl mesylate 

ess reactive 

(ar Ge the strictures or all of the products formed 
when cuch compound reacts with potassium iodide 
in acetone (а polar арго хое. 

fh} Explain in detail why the ertllate anion is a mach 
weaker base than the mess late anion. 

і) Explain why the relative reactivities of elh] mesy- 
late and ethyl отат correlate inversely with the 


relative Рамсес of the po anions m (bi, 


The primary alcohol 2-methoxs ethanol. 
CH;O—CH.CH. 


sponding carboxy lic acit with zqueous nitric acid 


OH. can be oxidized to the corre- 


(ING). The by-product ot the oxidation is nitric 
oxide, NO. How mans moles of HNO, ure required to 


мш Oo} mole of the aleobol" 


1,48 


1.49 


li A0 


10.51 


10.52 


1,53 


How many grams of CrO, are required to oxidize 10 y 


of 2-heptanel to die corresponding ketong” 


A police otticer. Lawin Order, has detained a driver, 
Bobbin Wes er, ufler observing ematie driving behav- 
ior. Administering a breathal zer test Offiver Order 
collects 52,5 mL of expired air from: Weaver and tinds 
that the air reduces 0,507 < 107° mole of K-CrO; to 
Cr'*, Assuming that 22000, of air contains the same 
amount of ethanol as 1 mL of blood. calculate the 
“percent blood alcohol content (ВАС). expressed zs 
grams of ethanol per mL of blood? x 100. IO. 10 
BAC is the lower limit of legal intoxication, should 


Officer Order make an arrest? 


Consider the following well-known reaction of giscol« 
(vicinal diols.. 


OFI tt 


CIH—CGH—R = l0, —9 2HCH + 107 + TBO 


ob 


ашуы! periodate 


из dn this reaction, what spectes is oxidized? What 
Decius is reduced? Explain how vou know, 

iby How mans electrons are involved in the oxidation 
haif-reaction? In the reduction halif-reacuion? EN- 
plain how vou arrived at your answer. 

ier dow тапу moles of periodate are required te react 


completely with OA mele ofa glycol 


Chemist Stench Thiall, mtending to prepare the disul- 
Hide л. has mixed one mole each ot L-butanethiot and 
3awtanethiol with |, and base. Stench is surprised al 
the low yield ot the desired compound and has come 
to vou for an explanation, Explain why Stench should 


not have expected a good yield in this reaction. 


СН НВС АС 


CH, 


Compound А. С-Н. decalortzes Br. in CH-CI. and re- 
acts with BH, in THE followed by HOOH? to viel 
compound В. When treated with KMnO, then H O^. А 
Is oxidized to a carboxylic acid C that can be resebved 
into enantiomers. Compound А. after ozonolysis and 
workup with TLO.. yields the sume compound 72 as 18 
formed bs the oxidation of 3-hexanol wilh chromic 


acid. Identily compounds A. B. €. and D. 


[n a laboratory are found two different compounds: А 


imeliing point 4.7 °C and A melting poit 1765. 


14.54 
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Both compounds have the same molecular formula 
С-Н О and both can be resofved into enantiomers, 
Both compounds give off a gas when treated with 
Nall. Treatment of either A or & with toss] chloride in 
pyridine yields a tosylate exter. and ueatment of ether 
Loss late with potassium ferf-buloxide gives à mixture 
of the same bio alkenes. C and D. However, reaction 
of the oss Late cob А ow ndr potassium ferf-butaxtde to 
give these alkenes is noticeabls slower ihan the corre- 
sponding reaction of the tosylate of 8. When either op- 
Healy active A or optically active B is subjected to the 
same treatment, Ре alkene product. € and 72 are 
aptically active. Treatment of either C or D with Н, 
over a catübyst vields meths les elobexane. Меш all 


Lb now n compounds and explain vour reasoning. 


Complete each of the follow ing reactions by giving the 


principal organe product(s} lormed in each case. 


(а) _CH-OH 
a баайы NaBr 
А prradiine DAISCH 
th) ¢— y ' 
б Уо oo cnc i 5. 
"A 5 
Tu ашны] 
. : я «ull. 
ICH,LCH. -SH + CH,O7 — Mm = 
Чо ЛР © ЗО]. ж 
| 
(IH 
(e) CH I OH 
| 
big: ti — kt i. — cH CH: 7 PBr, ж 
| PEU SL RS 1 
CEL, 
АК iti 


HE 

(g) | „ОН 

. | vam, Ar К+ flot GIO 

ТИИ 
М Е 
Um e = 
th) =l 
. А І ТСЕ 
згу лале) = С.Н, =9 а СН, 


10.55 tai When the rate el oxidation ef isopropyl alcohol to 


acetone is compared with the rate of oxidation of a 
deuterated derivative, an bstope elfect 1s observed 
(see part (o) of Fig. PIO.S5. р. 480). Assuming that 


480 


Ihe mechanism is the same as the one shown in 
Eqs. 10.40а—с (p. 460), which step of this mecha- 
nism is rate-limiting? 

(b) When either (5 )- or (R)- I -deuterioethanol is oxi- 
dived with PCC in CH,CI., the same product mix- 
ture results and it contains significantly more of the 
deuterated aldehyde А than the undeuterated alde- 
hyde 8 (see pan (b) of Fig. P10.55). Explain why 
the deuterated aldehyde is the major product. 

(с) Explain why, in the oxidation of (R)-1- 
Jeuterioethanol with alcohol dehydrogenase and 
МАР“, none of the deuterated aldehyde is obtained. 


10.56 The Swern oxidation. shown in Fig. P10.56, is a very 
mild procedure for oxidizing primary and secondary 
alcohols. 

(a) How many electrons are involved in this oxidation? 
Explain. 

(b) What is the oxidizing agent? 

(c) The following compound is a key intermediate in 
this oxidation. Give a curved-arrow mechanism for 
the reaction of this intermediate with triethylamine 
(a base) to give the product aldehyde. 


RCH;—O—S(CH,), C7 
10.57 The enzyme aconitase catalyzes a reaction of the Krebs 
cycle (see Fig. P10.57), an important biochemical path- 
way. In this equation, С = "C, a radioactive isotope of 
carbon, and each —CO; group is the conjugate base of 
a carboxylic acid group. Notice that the dehydration 
occurs toward the branch of citrate that does not con- 
tain the radioactive carbon. Imagine carrying oul this 
dehydration in the laboratory using a strong acid such 
as HPO, or H.SO,. How would the product(s) of the 


(a) CH, 
е Ж Мег? 
up - NS — 
H 
CH, 
| * 
a Сады: МЕИ 
D 
(В) H 
ат CHCl 
D 


1-deutericethanol 


Figure P10.55 
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reaction be expected to differ, if at all, from those of the 
enzyme-calalyzed reaction, and why? 

10.58 When the hydration of fumarate is catalyzed by the en- 
zyme fumarase in DO, only (25.34)-3-deuterioralate 
is formed as the product. (Each — CO; group is the 
conjugate hase of a carboxylic acid group.) 

COF 

gore j 

ан „> H | fa 
C CH — OD 


j kuntiras: | 


+ 12,0 
C CH —D 
H COT | 
COF 
3-deuteriomalate 
ithe 25,3R stereoisomer is 
formed exclusively) 


fumarate 


This reaction can also be run in reverse. By applving 
the principle of microscopic reversibility. prediet the 
product (if any) when each of the following compounds 
is lreated with fumarase in H,O: 
HO D (b) 


(a) 


10.59 Buster Bluclip. a student repeating organic chemistry for 
the fifth time. has observed that. alcohols can be con- 
verted into alkyl bromides by treatment with concentrated 


HBr. He has proposed that. by analogy. alcohols should 


relative rate — 6.6 


relative rate = 1.0 


H 


A K 
ШАД 


be converted into nitriles (organic eyanides, R—C==N) 

by treatment with concentrated НС==М. Upon running 

the reaction. Bluelip finds that the alcohol does not react. 

Another student has suggested that the reason the 

reaction failed is the absence of an acid catalyst, Follow- 

ing this suggestion, Bluelip runs the reaction in the 

presence of H.SQ, and again observes no reaction of the 

alcohol. Explain the difference in the reaction of alcohols 

with HBr and HCN——A4hat ts. why the latter fails but the 10.61 
former succeeds. (int: See Table 3.1. р. 103.) 


10.60 Primary alcohois, when treated with H.5O,. do not de- 
hvdrate to alkenes under the usual conditions. How- 
ever, they do undergo another type of "dehydration" to 


form ethers if heated strongly in the presence of 


" | d 
RCH;OH + {CH5 =0 + CI— C— C-—CI + X(C HUN: 


DMSO oxaly! triethylamine 
chioride 


CHEL 
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H.SO,. The reaction of ethyl alcohol to give diethyl 


ether is typical: 


2CH,CH,OH She CH.CH;—O0—CH;CH, + H,O 
ethanol diethyl ether 


Using the eurved-arrow notation, show mechanisti- 
cally how this reaction takes place. 


Using the curved-arrow notation, give a mechanism 
for each of the known conversions shown in Fig. 
P10.61. (IF necessary. re-read Study Guide Link 10.2.) 

The reaction given in part (с) of Fig. P10.61 is very 
important in the manufacture of high-octane gasoline. 
(Hint: It deuterated isobutane (CH,i,C—D is used, the 
product is (CH, ).CDCH.C(CH,),.) 


Е | Я 
RCH—O + (Сну: + C + O=C=O + XC;HNH Cl 


dimethyl carbon carbon 
sulfide monoxide dioxide 
Figure P10.56 
CH COT шоле Н 
i Р agonias аы 
fan етс | ў 
H aee C d , ———e [| + Н.О 
E /  C€H;cor gos 
COT 1 шч: CH-COF 
citrate | 


cis-aconitate 


Figure P10.57 


(H.C CH, НС CH, ib HC OH CH; 


усуе Br 
| OH + HBr 29M 


(74% yield} 


ic} HF 


ЕТЕД 


dilute HS0 + Н. 


Lone of several 
alkene products} 


(CH,SC—CH,; + (CH).C—H A) ОСН ),СНСН: ССН, ), 


2-methylprapene isobutane 2,2,4-trimethylpentane 


te) i O 
| | 
CH,CH=CH, + HO—S—CF, ——» (CH4i,CH—0—$— СЕ, 
| | 
O O 


Figure P10.61 


The Chemistry of 
thers, Epoxides, 
Glycols, and Sulfides 


The chemistry of ethers is closely intertwined with the chemistry of alkyl halides. alcohols, 
and alkenes. Ethers. however, are considerably less reactive than these other types of com- 
pounds. This chapter covers the synthesis of ethers and shows why the ether linkage is rela- 
tively unreactive. 

Epoxides are heterocyclic compounds in which the ether linkage is part of a three- 
membered ring. Unlike ordinary ethers, epoxides are very reactive. This chapter also presents 
the synthesis and reactions of epoxides. 

Because glycols are diols, it might seem more appropriate to consider them along with aico- 
hols. Although glycols do undergo some reactions of alcohols, they have unique chemistry that 
is related to that of epoxides. For example, we'll see that epoxides are easily converted into gly- 
cols; and both epoxides and glycols can be easily prepared by the oxidation of alkenes. 

Sulfides (thioethers), sulfur analogs of ethers, are also discussed briefly in this chapter. Al- 
though sulfides share some chemistry with their ether counterparts, they differ from ethers in 
the way they react in oxidation reactions, just as thiols differ from alcohols. 

In this chapter we'll also learn the principles governing intramolecular reactions: reactions 
that take place between groups in the same molecule. Finally, the strategy of organic synthe- 
sis will be revisited with a classification of reactions according to the way they are used in syn- 
thesis. and a further discussion of how to plan multistep syntheses. 


SYNTHESIS OF ETHERS AND SULFIDES 


A. Williamson Ether Synthesis 


Some ethers can be prepared from alcohols and alkyl halides. First, the alcohol 15 converted 
into an alkoxide (Sec. 8.6A): 


СНҮ(СН.),—5Н 


I -butanethiol 


Study Problem 11.1 
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OH O^ Na' 


| 
Ph—CH—CH; + Na—H — >» Ph—CH—CH, + Н, (11а) 


ап alkoxide 
(conjugate base of 


the alcohol) 


Then. the alkoxide is allowed to react as a nucleophile with a methyl halide. primary alkyl 
halide, or the corresponding sulfonate ester to give an ether. 


O- Na* O—CH; 


Рһ—©Н—©Н, + ICR] = Ph—CH—CH, + Nat [7 
ап alkoxide an ether SEMI 
(9096 yield) 


some sullides can be prepared in a similar manner from thiolates, the conjugate bases of thiols. 


^ & НОТ: " Е 
—атоң” CH(CH),—5- E> бнхбн,,—5—Сн,©Н; + “OTs 


I -butanethiolate butyl ethy! sulfide, or 
(1-ethylthio)butane 
(78% yield) (11.2) 


Both of these reactions are examples of the Williamson ether synthesis, which is the prepa- 
ration of an ether by the alkylation of an alkoxide (and, by extension, a sulfide by the alkylation 
of a thiolate). This synthesis is named for Alexander William Williamson (1824—1904), who 
was professor of chemistry at the University of London. 

The Williamson ether synthesis is an important practical example of the 5,2 reaction 
(Table 9.1, p. 379). In this reaction the conjugate base of an alcohol or thiol acts as a nucle- 
ophile: an ether is formed by the displacement of a halide or other leaving group. 


fs 


ae HRE ——dM9- RRi ++” (11.3) 


Tertiary and many secondary alkyl halides cannot be used in this reaction. (Why?) 
[n principle, two different Williamson syntheses are possible for any ether with two differ- 
ent alkyl groups. 


—Or + ҮТҮ, CX 


—- R'—Q—R + X- (114) 


R?-— D | m 
or TRUE 


The preferred synthesis is usually the one that involves the alkyl halide with the greater 5,2 
reactivity. This point is illustrated by Study Problem 11.1. 


Outline a Williamson ether synthesis for tert-butyl methyl ether. 
CH; 
H;C—C—O— CH; 
CH; 
tert-butyl methyl ether 


484 CHAPTER 11 * THE CHEMISTRY OF ETHERS, EPOXIDES, GLYCOLS, AND SULFIDES 


Solution From Eq. 11.4, two possibilities for preparing this compound are the reaction of 
methyl bromide with potassium tert-butoxide and the reaction of tert-butyl bromide with sodium 
methoxide. Only the former combination will work. 


(CH4j,C — O^ Kt + H,C— Вг CH4O^ Nat + (CH,);C—Br (11.5) 


satisfactory does not 
reaction occur; why? 


Do you know why sodium methoxide and tert-butyl bromide would not work? (See Sec. 9.5С.) 


PROBLEM : NES i 
11.1 Complete the following reactions. If no reaction is likely. explain why. 


ia) (CH,),;CHOH + Na ж Ln. 


(ҮСӨН 4 NaOH — а 2н ев е. 


{1 equiv.) 


j = Nat "HEY. C — —— e 

(c) CH4O^ Na* + (CH4J,C— Br GHIGOH 

| ч | | 25°С 
(d) CjH;O7 К+ + (CH3,CCH;—OTs СНОН ` 


11.2 Suggest a Williamson ether synthesis, if опе is possible, for each of the following com- 
pounds. If no Williamson ether synthesis is possible, explain why. 


(a) 
(crn, —QO—CH;CH, 


B. Alkoxymercuration-Reduction of Alkenes 


Another method for the preparation of ethers is a variation of oxymercuration-reduction. 
which is used to prepare alcohols from alkenes (Sec. 5.4A). If the aqueous solvent used in the 
oxymercuration step is replaced bv an alcohol solvent, an ether instead of an alcohol is formed 
after the reduction step. This process is called alkoxymercuration-reduction: 


H.C—CHCH;CH;CH;CH, + Hg(OAc) + (CHi;CHOH. —— 
(solvent) 
i-hexene 
AcOHg—CH;CH—CH;CH;,CH.CH, + H—OAc (11.6) 
OCH(CH,); 
l-acetoxymercuri-2-isopropoxyhexane 
MEOS. irap GRRE TSS + NaBH, ——»  CH;CH-—CH;CH;CH;CH,; + Hg + borates 
OCH(CH); OCH(CH,), 


2-isopropoxyhexane 
(91% yield) (11.6b) 
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Contrast: 
Ну OAc) NaBH. Р ' , 

g |+ НӨН = a ҮТ — —"» Н,С—СНЁ' toxymercuration-reduction] 
H-C =C OH [11.7) 

H HglOAc); NaBH " 

+ H—OR Hi 2 : —— - H,C—CHR’  (alkoxymercuration-reduction) 
OR 
ГТ] After reviewing the mechanism of oxymercuration in Eqs. 5.20a-d. pp. 187-188, you 
STUDY GUIDE LINK 11.1 should be able to write the mechanism of the reaction in Eq. [1.6a. The two mechanisms are 
reci bii al essentially identical, except that an alcohol instead of water is the nucleophile that reacts with 
Earlier Reactions the mercurinium ion intermediate. 


PR EMS PCS j T | 
11.3 (а) Give the mechanism of Eg. 11.ба and account for the regioselectivity of the reaction. 
(b) Explain what would happen in an attempt to synthesize the ether product of Eq. 11.65 by 


a Williamson ether synthesis. 
1L4 Complete the following reaction: | 
(CHj,CH—CH-—CH, + C,H,OH + Hg(QAc), э 3} 


11.5 Explain why a mixture of two isomeric ethers is formed in the following reaction. 
NaBH 
CH,CH;CH = CHCH; + СНОН + Hg(OAc) —- 1 
11.6 Outline a synthesis of each of the following ethers using alkoxymercuration—reduction: 
{а} dicyclohexyl ether (Б) tert-butyl isobutyl ether 


C. Ethers from Alcohol Dehydration and Alkene Addition 
in some cases, two molecules of a primary alcohol can react with loss of one molecule of 
water to give an ether. This dehydration reaction requires relatively harsh conditions: strong 
acid and heat. 


! HS " 5 
2CH,CH;— OH ү» CH,CH,—O—CH,CH, + Н.О (11.8) 
ethanol diethyl ether 


This method is used industrially for the preparation of diethyl ether. and it can be used in the 
laboratory. However. it is generally restricted to the preparation of symmetrical ethers derived 
from primary alcohols. (& symmetrical ether is one in which both alkyl groups are the same.) 
Secondary and tertiary alcohols cannot be used because they undergo dehydration to alkenes 
(Sec. 10.1), 

The formation of ethers from primary alcohols is ап $,2 reaction in which one alcohol dis- 
places water from another molecule of protonated alcohol (see Problem 10.60, p. 481). 


CH4CH,— OH HO—CH,CH, —> 
pA 
H HOCH;CH: 
элй. e E. 4 x T (solventi sæ . i z 
CH,CH,— O— CHCH; + Н.О z—————À CH,CH— O0—CH;CH, + HsOCH,CH; (119) 
i protonated solvent 
molecule) 
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High temperature 15 required because alcohols ure relatively poor nucleophiles tn the S42 
reaction. 

Tertiary. aleohols can he converted into insvimietrical ethers by treating them wath dilute 
strong acids in an alcohol solvent. The conditions are much milder than those required for ether 
formation from primary alcohols. For example. ethyl tezr-buty] ether can be prepared when 
tert-butyl alcohol is treated with ethanol (as the solvent? in the presence of an acid catalyst 


Eo CH, 
di SEL 
HiC—C—OH + СНОН ше 

| 

CH, ethanol CH; 

| lexcess, solvent | 
fert-butyl alcohol ethyl tert-butyl ether 
КЕШ vield ! 


H,C—UC—OC;Hs + H-O (tI. IH 


The key to using this type of reaction successfully is that only one of the alvohol starting ma- 
terials (in this case, tert-butyl aleoho can readily lose water alter protonation lo form a rela- 
lively stable carbocation. The alcohol that is used in excess tin this case. ethanol) must he one 
that either carer form a carbocation bs loss of water or should form a carbocation much less 


readily, 
| EE" Н.О, _ Ei ee ISO, o E 
{СИС — ОН ж MAE d | CHCH: — OH s N OH 
H H 
HO) + ET h Ct CHH 7 Н.О ЕМЕТ 
а tertiary 4 PrÜDary 
carbacation carbocation 


(does not form! 


When the carbocation derived fram the tertiary alcohol is formed, it reacts rapidly with 
ethanol. which ts present in large excess because it is the solvent. 


i ug Ox = " ү 
EHEH НО—СН,ОН, ——  (CHiC—O0—CH;CH, (1112) 


1] 


‘loses а proton to solvent to give the product? 


There 15 an 1mportant relationship between this reaction and alkene formation by alcohol 
dehydration. Alcohols, especially. tertiary aleohols. undergo dehydration to alkenes in the 
presence of strong acids (See. 10.1). Ether formation from tertiary alcohols and the dehy- 
dration of tertiary alcohols are afternate branches of a common mechanism. Both ether for- 
mation und alkene formation involve carbocation intermediates; the conditions dictate 
which product is obtained. The dehydration of alcohols to alkenes involves relatively high 


temperatures and remeval of the alkene and water products as they are formed. Ether Tor- 

СЯ mation from tertiary aleghois involves milder conditions under which alkenes are nor re- 
STUDY GUIDE LINK 11.2 moved from the reaction mixture. In addition, a targe excess of the other alcohol (ethanol in 
IG tects Eq. 11.10) is used as the solvent, so that the major reaction of the carhocation intermediate 
Different Starting rs with this alcohol. Any alkene that does form is not removed but ts reprotonated to eive 


Materials hack the same carbocation, which eventually reacts with the alcohol solvent: 
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(CH,),;C—OH 


| о, -HiO 


AS х СН 
Наз Hy CH3CH30H А 
LN à H28Q, » \ FARA (salvent) a A * 
10; 
НС НС CH; 
carbocation 
intermediate 


This analysis suggests that the treatment of an alkene with a large excess of alcohol in the 
presence of an acid catalyst should also give an ether, provided that a relatively stable carbo- 
cation intermediate is involved. Indeed. such is the case: for example, the acid-catalyzed addi- 
tions of methanol or ethanol to 2-methylpropene to give, respectively, methyl tert-butyl ether 
and ethyl rert-butyl ether are important industrial processes for the synthesis of these gasoline 
additives (Eq. 8.39, p. 370), 


НС; CI B 
N S " dilute HSO | | 
C—CH; + CHOH — На == (11.14) 
НС methanol CH; 
2-methylpropene methyl tert-butyl ether 
(MTBE) 


Eqs. 11.10. £1.13. and 11.14 show that for the preparation of tertiary ethers, it makes no 
difference in principle whether the starting material from which the tertiary group is derived 
Is an alkene or a tertiary alcohol. 


PROBLEMS 


11.7 Explain why the dehydration of primary alcohols can only be used for preparing symmetri- 
cal ethers. What would happen if a mixture of two different alcohols were used as the start- 
ing material in this reaction? 


11.8 Complete the following reaction by giving the major organic product. 


(a) OH 
Ph—C—CH; + CHOH — 950: 
CH, (solvent) 
(b) OH 


dilute H35O, 
“СН, + CH,CH;OH ———— 
| (solvent) 


11.9 (a) Give the structure of an alkene that, when treated with dilute H,SO, and methanol, will 
give the same ether product as the reaction in Problem 1 1.8a. 
(b) Give the structure of two alkenes, either of which when treated with dilute H,SO, and 
ethanol will give the same ether product as the reaction in Problem 11.8b. 
1110 Outline a synthesis of each ether using either alcohol dehydration or alkene addition, as ap- 
propriate. 
(a) CICH,CH,OCH,CH,.CI (Б) 2-methoxy-2-methylbutane 
(€) tert-butyl isopropyl ether (d) dibutyl ether 
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SYNTHESIS OF EPOXIDES 


A. Oxidation of Alkenes with Peroxycarboxylic Acids 


One of the best fuboralory preparations of epoxides involves the direct oxidation of alkenes 
with perns carboxylic avies, 


9. С) 
(C C C 
"RE ^ v^ OSH Bi ОИЕ мы d “оң 
ЕИ s | о ОПИСИ ни | 
- : мот, T 
| -octerie 2-hexyloxirane r 
(SU vie ч 
C] S81". wield C] 
meta-chloroperoxybenzoic meta-chlorobenzoic 
acid (mCPBA) acid 


a perexvearboxylie acid 
СЕТА 
The use of alkenes as starting materials for epoxide synthesis p one reason that сема epox- 
ides are named traditionally as oxidation products of the corresponding alkenes (See, МАС, 
The oxidizing agent in Eq. 13.15. aete-chtorepeross Болло acid (abbreviated mCPBA I, is 
an example ot и регохусагрохуйе acid, which is a carboxylic acid that contains an 
—O0  O—H thisdroperoxs) group instead otf an —OH (hydroxy) group. 


(J) i) hydroperoxs group 


! 
R—(.—-OH от ROOM R—UC—0—0H or RCOAli 


& carboxylic acid à peroxvoarbosyvli ackl 


(The terms регохуасіа or peracid are sometimes used instead of perexvearbaoxviic acid. 
These are actually more general terms that refer not only to peroxs carboxylic acids, but also 
lo алу acid containing an —0—0—M group instead ofan —OH group.) Mans peroxyear- 
boxs hie acids are unstable. but they can be formed Just prior to use hy mixing a carboxylic acid 
and hydrogen peroxide. [n principle. апу one of several peroxyearhosvlie acids can be used 
tor the epoxidation of alkenes, The peroxyacid used in Eq. 11.15. mCPBA, has been popular 
because is a crystalline solid that can be shipped commercially and stored in the laboratory. 
However. mCPBA. like most other peroxides, will detonate if i is not handled carefully. А 
less hazardous peroxsearboxvIe acid thal has essentially the same reactis ity ts the magnesium 
Salt of monoperoxyphihalie acid. abbreviated ММРР. 


O 
| 
t 
6.36. ae 
(7 x 
di 
| 
(7 | 


magnesium monoperoxyphthalate 
{ММРР) 
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To understand why eposidation occurs so readily: ell take the same approach that we 
used in Chapter 5 to understand other electrophilic additions; That is. lets think of this reac- 
Hon initially as a stepwise electrophilie addon, First. in an electren-pair displacement reug- 
пол, the y electrons ol the double bond act as a nucleophile towards the terminal oxs gen of 
the perexs earboxs tic acid. А earbosvlate топ, which ts a relatively weak base. serves as the 
leaving group. 


leaving group 
[ 


eiectrophik 
| 
H4 А н 
et f T3 
0-——0—C—R б: о 
| / * Ls | 
| АКЧАЛ à varboxvlate ion 


1 Y" 
[AED Га WC Das | 
| T electrons act as ' H 
| the nucleophile 


The ОН group is posttioned to react ах a nucteophile with the earbeeation, This reaction is 
а Lewis acid base issociation, much like the Formation of a bromenmum ren m bromine addi- 
tian (Fy. 5.11. p. 182). This process closes the three-membered ring and forms the conjugate 


ас of the epoxide. 


nucleophile 


H j Н 
^ó Є—— ^O! 
ri - Eo Wu 
RCH— HR — > ЕСН ИЕ BENI 
d 


coniugate Aud at 
n ЧЫЛАР 


сек Ti phil 
ike the vonjugate acids of other ethers (See. 8.7), the conjugate acid ol the epoxide hus а neg- 
ative рА value. This sers acidic proton is removed in а Bronsted acid-base reaction hy the 
carhoxslate ion to form the epoxide und a carboxylic acid. You ean convinge yourself using 
the method described in See. 3.4 that the equilibrium for this final step is highly favorable. 


(1 
———— 
CÓ C R 
ti i 
I5 
NY up © 
ГА" 2^ X „| 
RCH — CHR — RCH CHIR + Н ое SR. SENIUM 
Aa’ -2 à carbessylic acid 
pRa- ЯА 


Although this stepwise mechanism is useful in analyzing wis the reaction occurs. the ac- 
tual mechanism is concerted. That ts. it occurs in a single step. and there ts no earbocation m- 


termediate. We can represent this concerted process as follows: 
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SEN N^. | 
" O R 
| H^ sc” 
a) | 
S aqu amus 
/ B | Кыл О carboxylic acid 
RCH—CHR ——+ RCH— CHR (1.171 
epoxide 


We know this process is concerted because carbocation rearrangements do not occur. [n addi- 
tion, the reaction is а stereospecific syn-addition. That 15. the reaction takes place with com- 
plete retention of alkene stereochemistry. (Recall from Eq. 7.50, p. 311, that a stepwise 
process would not be stereospecific.) This means that a cis alkene gives а cis-substituted epox- 
ide and a trans alkene gives a trans-substituted epoxide. 


Ph H A 
- PhCO3H p “ч. 
PS benzene; 25 °С Phe" ny H Жаш 
[Н Ph Н Ph 
trans-stilbene traris-stilbene oxide 
(55% yield) 
Ph Ph O 
T / PhCO&H zx 
е: benzene; 25 °C РА" рр (11.185) 
H H H H 
cis-stilbene cis-stilbene oxide 


(52% yield | 


The reaction is a syz-addition because, in an anti-addition. the epoxide oxygen would have to 
bridge opposite faces of the two alkene carbons simultaneously. The double bond in the tran- 
sition state for anti-addition would thus be significantly twisted and the transition state would 
be highly strained. As we shall see, the stereospecificity of this reaction is one reason why 
epoxide formation is а highly valuable synthetic reaction. 

Because epoxides contain three-membered rings, they, like cyclopropanes (Sec. 7.5B), 
have significant angle strain. As we'll see in Sec. 11.4. this strain imparts valuable reactivity 
to epoxides. It is possible to form such strained compounds so easily because the O—O bond 
of a peroxycarboxylic acid 1s very weak. In other words, it is the high energy of the peroxy- 
carboxylic acid that drives epoxide formation. 


PHXIDHEN 11.11 Give the structure of the alkene that would react with mCPBA to give each of the following 


epoxides. 
(а) (bÐ HC О (с) О (d) O 
О ч, EN Ае 
C—CH == 
H3C H H H CH; 


11.12. Give the product expected when each of the following alkenes is treated with MMPP. 


(a) trans-3-hexene (0) 
CH; 
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B. Cyclization of Halohydrins 


Epoxides сав also be synihesized by the treatment of halohydrins (See. 5.2B0 with base: 


OH (1 
a 2 | nf t | / iS Фу C 
ICH; pC —CH;:—Br + Nat ОНУ ж (СПС CH; + Nat Br^ + H—OH 411.19 
1-bromo-2-methyl-2-propanal 2,2-dimethyloxirane 
га halahwdrini 181% vield] 


This reaction is an intramolecular variation of the Williamson ether synthesis (See. PETA in 
this case, the alcohol and the alky1 halide are part of the sume molecule. The alkoxide anion. 
formed reversibly by reaction of the alcohol with NaOH. displaces halide ion from the neigh- 
boring carbon: 


NEST T 
:O——H Tere TRE 
S ÁN 


- 1 - - 
СНС CH,— Br: ж” — (CHUC— CH; Br —— (CH; EECH, m ВТ (1120 


Like bimolecular 542 reactions, this reaction takes place by backside substitutieni of the nu- 
cleophile in this case. Ше oxygen anion—at the hialide-bearing carbon (See. 9.4050. Such a 
backside substitution requires that the nucleophilic oxygen and the leaving halide assume ап 
anti relationship in the transition state of the reaction. [n most nonevelie halohydrins, this re- 
lattonship van generally be achieved through а simple internal rotation. 


m T i intei nal О) UN H PEN 
z- з cc Br { ER om | cc! —— Te TE TIE 
Н.С Y | » | 7 i x7 la PP Н 
CH, АН CH, “Br CH, H (11.21) 
{Y} TOT ( 
es | \ 
corresponding fH Bri} internal H é H 
Newman rotat | .. 
Ó—— —— P M) 
projections " H Н :Вг: 
Hac CH, Bak CH; H«C CH, 
li Cone 
LT E 
1—0 and C€—RBr bonds C—O and C—Br bonds 


are anti 
backside substitution 
is possthle BEPRATUE 


ато vauche; 
backside substitution 
is rot possible 


Halohydrins derived trom сусе compounds must be able to assume the required anti reki- 
tionship through a conformational change if epoxide formation is to succeed. The following 
evclohexune derivative. for example. must undergo the chair interconversion before epoxide 
Formation can Occur, 
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z O= 
Br: | че} " 
D Sa => + :Вг: 0122) 
diequatorral - "he 
conformation P 


diaxtal conformation 


Even though the diaxial conformation of the halohydrin is less stable than the diequatorial 
conformation. the two conformations are in rapid equilibrium. As the Шахта! conformation re- 
acts to give epoxide, it is replenished by the rapidly established conformational equilibrium. 


PROBLEMS Us . : : 
| PROBLEMS 11.13. From models of the transition states for their reactions, predict which of the following two 
diastereomers of 3-bromo-2-butanol should form an epoxide at the greater rate when treated 


with base, and explain your reasoning. 


OH Br 
| stereoisomer А: 2R,35 
H4C—CH-—UCH-—— CH; — stereoisomer B: 2R,3R 
2 3 


3-bromo-2-butanol 
11.14 The chlorohydrin rrans-2-chlorocyclohexanol reacts rapidly in base to form an epoxide. The 


cis stereoisomer, however. 15 relatively unreactive and does not give an epoxide. Explain 
why the two stereoisomers behave so differently. 


CLEAVAGE OF ETHERS 


The ether linkage 15 relatively unreactive uoder a wide variety of conditions. This is one rea- 
son ethers are widely used as solvents: that 15, à great many reactions can be carried out in 
ether solvents without affecting the ether linkage. 

Ethers do not react with nucieophiles for the same reason that alcohols do not react: ап S,2 
reaction would result in a very basic leaving group. Alkoxide ions. like hydroxide ion. are 


strong bases. 


Мис CH, LÖR Уб Nuc—CH; + “OR (11.23) 
a nucleophile CH, СН, an alkoxide ion 


(a strong base and a 
poor leaving group? 


+ 


Remember that the 5,2 reactions of compounds with strongly basic leaving groups are very 
slow. In this case, the reaction is so slow that ethers in general are stable toward reactions with 
bases. For example. ethers do not react with NaOH. 

Ethers do react with HI or HBr to give alcohols and alkyl halides. This reaction is called 
ether cleavage. The conditions required for ether cleavage vary with the type of ether. Ethers 
containing only primary alkyl groups are cleaved only under relatively harsh conditions, such 
as concentrated НВг or HI and heat. 
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heat 


CHI. 40 — CHC, = Н — СИСТ + IEH; at lads 
diethyl ether ethanol ethyl iodide 
The alcohol formed in the cleavage of an ether (ethanol in Eq. 11.24) ean go on to react with 


HIE to give a second molecule of alkyd halide (See. 10.21. 
The mechanism of ether cleavage involves. first; protonation of the ether oxygen: 


cH | 1: jj MU 
CHYCH:—O—CH-CH. жс CHCH: = Q*Ó -CH.CH, (0128 


Then the tedide ion. whieh is a good nucleophile (Sec, 9480. reacts with the protonated ether 
In an So! reaction to Form an ШКУ] halide and liberate an alcohol as a leaving group. 


! Т jT: 
| "T 
CHRR OTELE ж CH,CH,— OH + CHCH, (0125b 
A oy 


[£ the ether is tertiary, the eleavage occurs under milder conditions (lower temperatures. more 
dilute acid). The first step of the mechanism is the same — protenatton of the ether linkage: 


XS 


CH. „Н—[ CH, U dra 
[f EN 

ноаен, ==” то—0—— ake ШЕ Л 
CH, ЫН, 


The formation of the alkyl iodide occurs by an 8, | mechanism, A carbocation, formed Бу loss 
of the alcohol leaving group, reacts with the iodide lon. 


Cll, H CH, н, 
НС OC-CH;CHl а ТСС ——»- НСС -i ПЕ 
мг р " | aa 
CH, jq CH CH, 


carbocation 


+ HO—UCHEUCH, 


Notice that the tertiary alkyl nalide is formed along with the рлеу alcohol Because the s, l 
reaction 1s faster Ihan competing 542 processes. none of the priman alkyl iodide is formed, 
Notice the great similarity inthe reactions of ethers and alcohols with halogen acids (dec. 
10.2). In both cases, protonation converts a poor leaving eroup СОН or — OR)? inte a good 
leaving group. [n the reaction ol an alcohol, weer is the leasing group. [In the reaction of an 
ether, an рее is the leaving group. Otherwise. the reactions are essentially the same, 
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Methyl or primary alcohol: Methyl or primary ether: 
RCH;—OH RCH;—O—CHR 
zu — protonation zu 
RCH;—— OH; T) 
А 4 
j H 
RCH,—1 + ОН, RCH;—I + HO—CH,R (11.27) 
Tertiary alcohol: Tertiary ether: 
R,C—OH R.C—O—R 


i T 
R4C— OH; Вг RC = R Bro 
ms H 

| ^ |Lewis acid-base 

dissociation - | | 
RC} + OH; 
Ст + HO—R 
Br^ 
Эң | «. [Lewis acid-base Br 
association _ [s 
R3C — Br 


R,C— Br (11.28) 


Although the cleavage of alkyl ethers gives alkyl halides and alcohols as products, this reac- 
tion is rarely used to prepare these compounds because ethers themselves are most often pre- 
pared from alkyl halides or alcohols, as shown in Sec. 11.1. However, it is important to appreci- 
ate these reactions because they explain the instability of ethers under acidic conditions. 


PROBLEMS ; ' JA 
11.15 Explain the following facts with a mechanistic argument. 


(a) When butyl methyl ether (1-methoxybutane) is treated with НІ and heat, the initially 
formed products are mainly methyl iodide and |-butanol; little or no methanol and 1- 
iodobutane are formed. 

(b) When the reaction mixture in part (а) is heated for longer times, |-10dobutane is also 
formed. 

(c) When tert-butyl methyl ether is treated with HI, the products formed аге tert-butyl iodide 
and methanol. 
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(di When tert-butyl methyl ether is heated with sulfuric acid, methanol and 2-methylpropene 
distil! fram the solution. 

(€) Tert-butyl methyl ether cleaves much faster in HBr than its sulfur analog, tert-butyl 
methyl sulfide. (Hint: See Sec. 8.7.) 

(f) When enantiomerically pure (5)- 2-methoxybutane is treated with HBr, the products are 
enantiomerically pure (5)-2-butanol and methy bromide. 


11.16 What products are formed when euch of the following ethers reacts with concentrated aque- 
ous Hi? 
(a) diisopropyl ether = (b) 2-ethoxy-2.3-dimethylbutane 


NUCLEOPHILIC SUBSTITUTION REACTIONS OF EPOXIDES 


A. Ring-Opening Reactions under Basic Conditions 


Epoxides readily undergo reactions in which the epoxide ring is opened by nucleaphiles. 


Q Ol 
/N "X 
И Е _ ; Ма ERE - А E i 
ЛАС СН. + COH т TET (CH: tC — CH; — 0C5H (11.29) 
2,2-dimethyloxirane ethanol i -ethoxv-2-methyl-2-propanol 
тхори спе oxide) ИТЕ 93 vield ] 


A^ reaction of lhis type is an S42 reaction mn which ihe epoxide oxvgen serves as the leaving 

А \ NS ^ 
group. 1а this reaction. though, the leaving group does nol depart as a separate entity. but 
rather remains within the same product molecule. 


leaving group 


\ == 
^ ап $42 reaction Е a 
n 1 T ^ : OH 
| a 5 cus | i T 
(CHI CH, — (КЛ СН — 6X H: Е-е ССС — CH, CX Hy - HOCH, 
ОС.Н 
(LA) 


nucleophile 


Because an epoxide is a type of ether. the ring opening of epoxides is an ether cleavage. Re- 
call that ordinary ethers do ner undergo cleavage in base (Ey. 11.23. p. 492). Epoxides. how- 
ever. are opened readily by basic reagents. Epoxides are so reactive because they. like their 
carbon analogs. the eyclopropanes, possess significant angle sirain (Sec. 7.5Bj. Because of 
1115 strain, the bonds of an epoxide are weaker than those of an ordinary ether, and are thus 
more easily broken. The opening of an epoxide relieves the sirain of the three-membered ring 
just as the snapping of a (wig relieves the strain of its bending. 

In ан unsymmetrical epoxide, two ring-opening products could be formed corresponding 
te the reaction of the nucleophile atthe two different carbons of the ring. As Eq. 11.30 ilIus- 
trates. nucleophiles rvpivally react with unsymmetrical epoxides at the carbon with fewer 
аку substituents. This regioselectivity is expected from the effect of alkyi substitution on the 
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rates of 5 „2 reactions (Sec. 9.4D). Because alkyl substitution retards the 5,2 reaction. the re- 
action of a nucleophile at the unsubstituted carbon is faster and leads to the observed product. 

Like other S42 reactions, the ring opening of epoxides by bases involves backside substitu- 
tion of the nucleophile on the epoxide carbon. When this carbon is а stereocenter, inversion of 
configuration occurs, as illustrated by Study Problem 11.2. 


| Study Problem 11.2 | | 
| What is the stereochemistry of the 2,3-butanediol formed when meso-2.3-dimethyloxirane reacts 
with aqueous sodium hydroxide? 


Solution First draw the structure of the epoxide. The meso stereoisomer of 2.3-dimethyloxirane 
has an internal plane of symmetry, and its two asymmetric carbons have opposite configurations. 


s 
hc \ 4% 
Horr CH, 
H М 


meso-2,3-dimethyloxirane 


Because the two different carbons of the epoxide ring are enantiotopic (Sec. 10.8), the 
hydroxide ion reacts at either one at the same rate. Backside substitution on each carbon should 
occur with inversion of conhguration. 


^V CPI TTC д 
— o ot ^ M “| А 
Her ҳусн SURE C C нс) CQ" + -oH 
H ( HN :OH H :OH 


inversion 
of configuration 


The product shown is the 25,35 stereoisomer. Reaction at the other carbon gives the 28.3 
stereoisomer. ( Verify this point!) Because the starting materials are achiral. the two enantiomers of 
the product must he formed in equal amounts (Sec. 7.8A). Hence, the product of the reaction is 
racemic 2,3-butanediol. (This predicted result is in fact observed in the laboratory.) 


Although the examples in this section have involved hydroxide and alkoxides as nucle- 
ophiles. the pattern of reactivity is the same with any nucleophile: The nucleophile reacts al 
the carbon with no alkyl substituents and opens the epoxide to form an alkoxide, which then 
reacts in a Bronsted acid-base reaction with a proton source to give an alcohol. Letting Nue: 
Һе a general nucleophile, we can summarize this pattern of reactivity with Eq. 11.31: 
ELTE 
transfer. 


o: О: 
RD are" 


R,C—CH,; + ис ——» R,C—CH;— Мис —— P. R,4C—CH;— Nue + Мис (1131) 


 nucleophilic 
substitution 


:О| | 
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ERUHLEMS 11.17 Predict the products of the following reactions. 


(al O 
ey ae F NH; “Снн” 
(CH,),CH excess) 
(b) О 
/ + Р 
з ES! — СН. ] at — 
HC i C CH; T Na N; C,H,OH/H;O 
CHCH, sodium azide 


11.18 From what epoxide and what nucleophile could each of the following compounds be pre- 
pared? ( Assume each is racemic.) 
(a) OH (b) OH 


SM | 
Au | CH4(CH;),CHCH;CN 
SCH; 


B. Ring-Opening Reactions under Acidic Conditions 


Ring-opening reactions of epoxides, like those of ordinary ethers, can be catalyzed by acids. 
However. epoxides are much more reactive than ethers under acidic conditions because of 
their angle strain. Hence, milder conditions can be used for the ring-opening reactions of 
epoxides than are required for the cleavage of ordinary ethers. For example, very low concen- 
trations of acid catalysts are required in ring-opening reactions of epoxides. 


0) 
ано осн, ce tite йр (CH4,C— CH;— OH (11.32) 
2,2-dimethyloxirane methanol 
(isobutylene oxide) (solvent) OCH, 


2-methoxy-2-methyl-1-propanol 
(76% yield) 


The regioselectivity of the ring-opening reaction is different under acidic and basic condi- 
tions. The structure of the product in Eq. 11.32 shows that the nucleophile methanol reacts at 
the more substituted carbon of the epoxide. Contrast this with the result in Eq. 11.31, in 
which the nucleophile reacts at the less substituted carbon under basic conditions. In general. 
if one of the carbons of an unsymmetrical epoxide is tertiary, nucleophiles react at this carbon 
under acidic conditions. 

Some insight into why different regioselectivities are observed under different conditions 
comes from mechanistic considerations. The first step in the mechanism of Eq. 11.32, like the 
first step of ether cleavage, is protonation of the oxygen. 


| protons come from 
protonated solvent molecule 


H 
R H—OCH. i - 
:O: T :OH HOCH; (11.33a) 
(CH;),C—CH, =” (CH,)c—CH; 


protonated epoxide 
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The structural properties of the protonated epoxide show that it ean be expected to behave like 
a tertiary carbocation. 


long, weak bond - OH 


LU | 


nearly trigonal НС СН, ПАЗЫ 
planar geometry H4C З 
№ 


large amount of 


First, calculations show that the tertiary carbon bears about 0.7 ef a positive charge. Second. 
the geometry af Ihe tertiary carbon is nearly trigonal planar. This means that the tertiary gar- 
bon and the groups around it are very nearly flattened into a common plane so that little or no 
steric hindrance prevents the approach of a nucleophile to this carbon. Finally. the bond Pe- 
tween the tertiary carbon and the —OH group is unusually Jong and weak. This means that 
this bond is more easily broken than the other C — О bond. In fact, this cation resembles a ear- 
bocation solvated by the leaving group (see Fig. 9.13. p. 419). The —OH leaving group 
blocks the front side of the carbocation so that the nicleophilie reaction must occur from the 
back side with inversion of stereochemistry. In other words, we can think of this reaction as an 
51 reaction with stereochemical inversion, 

Thus, a solvent molecule reacts with the protonated epoxide at the tertiary carbon, and loss 
of à proton to solvent gives the product. 


4 | | 
СНС СН —» (CLRE— CH: m CEEUC CH; 
| | | 
Y OSSUR :10—СН, (I6 
NOCH, | H 
B ar | 
LET + 
HOCH, - HOCH, 


It is a solvent molecule. not the alkoxide conjugate base of the solvent that reacts with the pro- 
tonated epoxide. The alkoxide conjugate base cannot exist in acidic solution; nor ts it neces- 
sary, because Ihe protonated epoxide is very reactive and because the nucleophile is also the 
solvent and is thus present in great excess, 

When the carbons of an unsynimetrical epoxide are secondary or primary. there is much 
less carbocation character at either carbon in the protonated epoxide, and acid-catalyzed ring- 
opening reactions tend lo give mixtures of products: the exact compositions of the mixtures 
vary froin case to сахо, 


Q 1.855 Hast OCT OH 


ТАЗЕ solvent] 


re 
HC! —CH—CH, HiC—UCH-—UClII;—O0H + HA НСИ. OULH, 41134! 
! | AY of the produci 63° atthe product 


secondary primary 


The mixture reflects the balance between opening of the weaker bond. whieh favors reaction 
at rhe. carbon with more substituents. and van der Waals repulsions with the nucleophile. 
which favors reaction at the carbon with fewer substituents. 

The regioselectis ities of avid-catalyzed epoxide ring opening and the reactions of solvent nu- 
cleophiles with bromonium ions are very similar (see Eq. 5.15. p. 1843. This is not surprising, be- 
cause both types of reactions involve the opening of strained rings containing positively charged. 
electronegative leaving groups, 
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Acid-culalyzed ring-opening reactions of epoxides. like buase-catalyzed ring-opening 
reactions, occur with fiversten of stereochemival vonfiguration. 


H H 
g i OH 


А 17.804, catalyst 
O ~ CH.OH ae 
[solvent 


(11.35) 


Н 
ОСН. 


cyclohexene oxide (*)-trans-2- mcethoxycyclohexanol 
АШТ vield | 


When water 1s used as a nucleophile in acid-catalyzed epoxide ring opening, the product is 
а L2-diol, or осо? Acid-catulyzed epoxide hydrolysis is generally a useful way to prepare 


2| veols, 


H Н 
Ў = OH 
HERI itea: 
O+ HO —ÉL (11.36) 
AD min 
Я i solvent } "HS H 
H a 
cyclohexene oxide (+)}-trans-|,2-cyclohexanedio] 


ta glveol; HO yield) 


Notice the trans relationship of the two hydroxy groups in the product. which results from the 
Inversion of configuration that occurs when water reacts with the protonated epoxide. [t fol- 
lows thal cis 1.2-cyclohexanediol. cane? be prepared by epoxide opening. However. in Sec. 
LSA, vou will learn how this stereoisemer сап be prepared by another method. 

Although base-catalyzed: hydrolysis of epoxides also gives gbycols (see Study Prob- 
lem 11.23, polymerization sometimes occurs as a side reaction under the basic conditions (see 
Problem i 1.681. Consequently; acid-catalyzed hydrolysis of epoxides is generally preferred 
for the preparation af glycols. 


| PROBLEM | 11,19 Predict the major productis) of each of the following transformations. 


(a) Г 
"i l i А. H 50), 
Hef Сеен CHOH TE 
: of (solvent) 
H C-H; 
(арисайПу active) 
гүз А - аа x H3804 
ih) The enantiomer of the epoxide in part (a) + CHOH [Em 


(solvent) 


Let's summarize the facts about the regioselectivity and stereoseleetivity of epoxide ring- 
opening reactions: 

|. Nucleophiles react with unsymmetrical epoxides under basie conditions. at the less 
branched carbon, and inversion of configuration is observed if reaction oceurs at a stere- 
осе. 

2, Nucleophiles react with unsymmetrical epoxides under acidic conditions at the tertiary 
carbon. If пет carbon is tertiary, a mixture of products is formed in most cases. 
Inversion of contizuration 18 observed if reaction occurs ala stereocenter. 


These facts are applied in Study Problem 11.3. 
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Study Problem 11.3 
— аа Predict the major product in each case that would he obtained when the following epoxide is 
hydrolyzed under (a) basic conditions; (b) acidic conditions. (The epoxide carbons are numbered 
for reference in the solution.) 


о 


am 
(CH;);C~, ЖК 


Solution As the preceding summary suggests, when attempting to predict the products of an 
epoxide ring-opening reaction, first decide whether the conditions of the reaction are basic or 
acidic. If basic, the nucleophile reacts at the less substituted carbon of the epoxide: if acidic, the 
nucieophile reacts the tertiary carbon of the epoxide. Then determine whether the carbon at 
which the reaction occurs is a stereocenter. If so, make sure to predict the product that results 
from inversion of configuration. 

(a) Under basic conditions, the hydroxide ion nucleophile will react at the less substituted car- 
bon (carbon-1) of the epoxide. (If you have difficulty seeing why this is the less substituted car- 
bon, re-read Study Guide Link 9.2.) Because this carbon is not a stereocenter, the stereochemistry 
of the substitution does not matter. Consequently, the reaction 1s 


OH 


JN 
ССН -он CH;OH (11.37 
Brey, rd * + H0 "5 € i | 


(b) Under acidic conditions, the nucleophile is water, which reacts with the protonated epoxide 
at the more branched carbon (carbon-2). Notice that carbon-2 is a stereocenter (even though it is 
not an asymmetric carbon); reaction of the nucleophile at carbon-2 occurs with inversion of con- 
figuration. Consequently, the product of the reaction under acidic conditions is a diastereomer of 
the product obtained under hasic conditions. 


CHOH 


TN 
“СН, ER ae OH (11.38) 
inq nds 2 + HLO (catalyst) -— Б 


[1.20 (a) Suppose 2.2-dimethyloxirane is hydrolyzed in water that has been enriched with the 
oxygen isotope "O. Indicate how the hydrolysis product would differ under acidic and 
basic conditions. 

(b) Show how the stereochemistry of the products will differ (if at all) when the following 
enantiomerically pure epoxide is hydrolyzed under acidic and basic conditions. 


O 
c X 
H (ow = "ир 


C. Reaction of Epoxides with Organometallic Reagents 


Grignard reagents (Sec. 8.8) react with ethylene oxide to give, after a protonation step. pri- 
mary alcohols: 


CHSCH,CH-CHCH;CHG,MeBr. - ВН, 
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L3 


[ег heat 
~t Plan tt 


CERCHCCH CH:CH-CHGCH3CH;OH 


hexvlmagnesium bromide ethylene oxide [-octanol 
La змат reagent | буу АЙ (11.39! 


This reaction is another epoxide ring-opening reaction. To understand this гедсйнап, recall 
that the carbon im the C— Me bond of the Grignard reagent has earbra-anieon character and is 
Iherefore a ser Poesie carbon (Sec, МӘ]. This carbon is the nucleophile that reacts with the 
epoxide. At the same time. the magnesium of the Grignard reagent. which is à Lewis acid, co- 
ordinales to the epoxide oxygen. (Recall that Grignard reagents associate strongly with ether 
oxygens, see Ец. 8,23. р, 362.) Just as protonation of an oxygen makes it a better leaving 
group. coordination of an oxygen to a Lewis acid also makes it a better leaving group. Conse- 
quently. this coordination assists the ring opening of the epoxide in much the same way that 
Bronsted acids catalvze ring opening (Sec, 1 LAB y. 


Br 


H.C—CH, —— R—CH;—UlHl—0:----Mg—R ж” К-СИ. СН. -О:-- *MgBr + RMglr 


Br — Mg —R 
СУ 
NEN 

К т. ru 


R—CH.CIH. 


"MoR à bromemagnesium alkoxide 
VI C D] 
5 UE TAG 


As Bq. 11.404 shows, this reaction sields an alkoxide, which is the conjugate base of an 
alcohol (Sec. 8.6A 1, Atter the Grignard reagent has reacted. the alkoxide is converted into the 
tlheohal product in a separate step by the addition of water or dilute aetd: 


„2 БЕ" + 

bs + з m шоп LJ 

Ос Минг Н=-ОН. — Ща H c Н.О - МЕ C Bro — ad panty 
LJ JF т = of 


[t would be reasonable to suppose that Grignard and organolithium reagents would react 
with epoxides other than eths lene oxide; and thes do. However, many reactions of Grignard 
and lithium reagents with epoxides are unsatistuctors because thes give not only the expected 
products of ring opening but also rearrangements and other side reactions as well. (Grignard 
reagents and organolithium reagents have some Lewis дс character that promotes such side 
reactions.) However, another type of organometallic reagent. the lithium organocuprate. un- 
dergoes useful ring-opening reactions with epoxides, 

Two types of organocuprates are used most commonly in organic chemistry. The first type 
ts formed from the reaction of two equis alents of an alks ишт reagent with copper) halide 
in an ether solvent. The first equivalent reacts to form an alkyicopper reagent plus a lithium 
halide. The driving foree for the reaction is the greater tendenesy of lithium. the more elec- 
tropositive metal; to exist as an ion, 


f. e B 


Hi: + Cu tle—- 5H 


CERET Ga t SEE ШЕП 


Because the copper is à Lewis acid; the alks leopper reagent reacts with a second equivalent of 
the alka lithium te give a lithium dialkyleuprate. 
CHILL + CuCH;CH, —— 117 Cw CHCH, J (11431 


lithium dicthylcuprate 
га lithium dialkyleuprate | 


502 


i 25 can " 
(CHCH; Cut См Ни, + — y 
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CArviithium reagents such as phenyllithium, Ph— Li. can also be used to prepare Bthium di- 
urvleuprates. ) 

(Г copper D cyanide, CuCN. is used insiead of a copper] halide. the eyanide group, which 
IS much more basic than halide, remains bound to the copper. and à more complex reagent ts 
formed: 


2 CH CHSLE + CuCl ж ОНОН МА 
(EE AA) 
a higher-order organocuprate 


Although Eq. 11.43 describes the stoichiometry of the reagent. i exists in a state (or states? ol 
higher aggregation. Such reagents are called higher-order erganacuprates. 

Both types of organocuprate reagents are useful in organie chemistry. and both react with 
epoxides. However, the higher-order organocuprates are the prelerred reagents for use with 
epoxides because they react with a wider variety of epoxides and give fewer side reactions, 
(We'll see some important uses of lithium dialky lcuprates in later chapters.) 

An organocuprate reagent reacts at (he carbon of the epoxide with fewer alkyl substituents 
to give products of ring opening. Protonolysis gives the alcohol. 


O н QOL 


+ CERCILCUCN) Li 


ii Gr 


CH. Hae} aH, tO CH.CH, + CuCN 
А ban 


(15,25)-2-ethyl- I-methyl-1-cyclopentanol (E14) 
| ШТ yield | 


Notice that the ulky] group from the reagent reacts ab the epoxide carbon with inversion af 
stereochemical configuratien, 

We can think of the reaction as an S42 process in which а "carbon-anion" nucleophile is 
delivered from the copper to the epoxide carbon electrophile with stereochemical inversion. 
Epoxide opening is assisted by lithium ion, which is a “built-in” Lewis acid: 


SE 
A s "En 
DA ^. uu 
Не" бзен 3 Сен + СН: Н.С) 
ey ^N ON 
Ew R CH,CH R 
CHCH; / 
CHCH:CulCN Hi а 


This mechanism doesn't take into account the aggregated structure ol the reagent. but it cor- 
rectly predicts the chemical and stereochemical outcome ot the reaction, 

The reactions of organometallic reagents with epoxides provide other methods for the syn- 
thesis of alcohols that can be added to the ist in Sec. 10.10. You should ask vourself what iim- 
их the types of aleohols that can be prepared by each method. 
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These reactions also provide methods for the formation of carbon-carbon bonds. Reac- 
tions that form carbon-carbon bonds are especially important in organic chemistry because 
they can be used to lengthen carbon chains. We'll explore this point further in Sec. 11.9. 


11.21 (a) From what Grignard reagent can 3-methyl-1-pentanol be prepared by reaction with 
ethylene oxide, then aqueous acid? 
(b) From what epoxide and what higher-order cuprate reagent can 3-ethyl-3-heptanol be 
prepared? 
(c) Give the structure of another epoxide and another higher-order cuprate that could be 
used to prepare the alcohol in Eq. 11.44. 


11.22 Complete the following reactions by giving the structures of the alcohol products. In part (b). 
show the stereochemistry of the product as well. 


(a) о 
| — 
bromocyclopentane e qu HO 
eine 
(b; 
| с 
He Tl m 
H d CH HOt 
iPh—lLi + баб Se Ce 


ether 


PREPARATION AND OXIDATIVE CLEAVAGE OF GLYCOLS 


Glycols are compounds that contain hydroxy groups on adjacent carbon atoms. 


OH hs он 
' ray we Example: H4C— CH — CHOH 
R R 1,2-propanediol 
(propylene glycol) 


general structure of a glycol 
(В = alkyl, aryl, or Н) 


Although glycols are alcohols, some glycol chemistry is quite different from the chemistry of 
alcohols. Some of this unique chemistry is the subject of this section. 
A. Preparation of Glycols 


You have already learned that some glycols can be prepared by the acid-catalyzed reaction of 
water with epoxides (Eq. 11.36). This is one of two important methods for the preparation of 


glycols. 
The other important method for the preparation of glycols is the oxidation of alkenes with 
OsO,. 
IO) Ma OH 
Ph ир Wa HSO; (or other , а 
J | reducing agent) 
C—CH; + Ost), —- РҺ— С — СН» + reduced forms of Os (11.46) 


\ 
a glycol 
(90-95% yield} 
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The osmium їп OsO) is in a. £8 oxidation stile. Metals in high oxidation states (such as 
Mni VED) and Crt Vir as vou'se learned are oxidizing agents because thes attract electrons. This 
electron-attracting ability of Ost YHD results in a concerted (that ds; one-step) eseleaddttion re- 
action between O«O, and an alkene to give an intermediate called an елее cater: 


(7) О 1 

Ww. d Os accepts Qe p 
COO —— MN atA 
AU 


Os MIHI! ‘= (Js „2 1 electrons ) 


= T 
o „© OQ (i 
= j / \ / 


Further Exploration 11.1 RC CR. R К. 
Mechanism of с : 
050, Addition 


АП CIN Pa ester 


(The osmate ester is another example of an organie ester derialise of an inorganic acid: Sec, 
10.30.) The curved-arrow notation shows that in this reaction osimium accepts an electron 
pair. AS a result. its oxidation state is decreased lo тб, 

A glycol is formed when the сусе osmate ester is treated with water. Two water mole- 
elles, acting as nucleophiles, displace the glycol oxygens from the osmium, A mild reducing 
agent such as sodium bisulfite. NaH8O,, is often added to convert the osmium-vcontaining by- 
products mto reduced forms of osmium that are саху to remove by filtration, (The NaHSO, is 
com erted into sodium sulfate. Na-SO,.) 


nucleophilic substitution | 


OH OH 


"E eb EWP 


PA 


1 
M Мо se Ан 2 
HA4C— CR. + 2O = ECC : ar 
а 
HO OH 


albi S. - 
———————w- reduced forms BEEN ELT 


of osmium 


x 


Two practical drawbacks to the use of the OsO, oxidation are that osmium and ЦУ earn 
pounds are very. toxic, and thes are quite expensive. However, the reaction of OsO, with 
alkenes 15 so useful that chemists have des ised wass for ib te be used wilh very small amounts 
of ОХО). This is done by including in the reaction. mixture an оха that “reeveles” the 
Osi VI) by-product baek into OsO, Among the common oxidants used lor this purpose are 
nine oxides, Which are compounds of the form R;,N— O0. Two amine oxides used com- 


monis ure the following: 


— ar 
Ps ++ 


_ ton i + 
(CH UN 0: o ON | 
у Ci, 
trimethylamine-N-oxide 
(TMAO} N-methyImorphoiine-N-oxide 
INMMO! 


In other words. once à small amount of ОХО, is used up. ihe OMYL by-product is oxidized 
within the reaction misture by the amine oxide lo re-Torm OsO Thus. a eatalvytie amount of 
Os, can he used and the amine oxide acts as the ultimate oxidant. 


А І › 
Н. CH, m B І Н 


| Ге _ ‚ + _ (O7 mele: ; . 
HO C=C T Te ei Oe CE = ТЕА 
wallur de Laat. 
: = ИЕШЕ, 
HC CH; rMAO pyridine lc CH; 
. LOS male 
2,3-dimethyl-2-butene 2,3-dimethy1-2,3-butanediol 
025 mole! (RS АТОИ ТЕЕ 
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The OsO, oxidation is particularly useful because of its stereochemistry. The formation of 
glycols from alkenes is a stereospecific svn-addition. 


= = Os, OH £F — 
1 — — à 7—01 
ч ` д ы CH acetone water 1 ы; 
4 OH 
cyclohexene NMMO 


cis-1,2-cyclohexanediol 
(89% vield) 


The mechanism of this reaction provides a simple explanation for the syn stereochemistry. 
The five-membered osmate ester ring is easily formed when two oxygens of OsO, are added 
to the same face of the double bond by a concerted mechanism. This process closely resem- 
bles the concerted cycloaddition mechanism of ozonolysis. (See Eq. 5.34, p. 197.) Hydrolysis 
of the osmate ester gives the glycol. 


у " 
E p> On Z9 
Os p 
T № O a OH OH 
Bs. cc „Б syn-addition M d Н.О \ 41.50) 
CCR RE Gar pe Comp (LSI 
R R / \ / R 
R R R R 
an osmate ester а 1,2-glycol 


On the other hand, an anti-addition by a concerted mechanism would be very difficult, if not 
impossible: the two reacting oxygens of OsO, cannot simultaneously reach opposite faces of 
the m bond. 

The hydrolysis of epoxides and the OsO, oxidation are complementary reactions because 
they provide glycols of different stereochemistry. This point is explored in Study Problem 1 1.4. 


Study Problem 11.4 


Outline preparations of cis- 1.2-cyclohexanediol and (-€)-frans-1,2-cyclohexanediol from 
cyclohexene. 


Solution As Eq. 11.49 shows, the direct oxidation of cyclohexene by OsO, yields сіѕ-1.2- 
cyclohexanediol by а syn-addition. In contrast, conversion of cyclohexene into the epoxide with a 
peroxycarboxylic acid (see Problem 11.112), followed by acid-catalyzed hydrolysis (Eq. 11.36). 
gives the rrans-diol. Epoxide hydrolysis gives the trans-diol because it occurs with inversion of 


configuration. 
RCOOH OH 
{for example, mCPHA } Н:0+, H;O 
. {for exanip PN СУ = - (11.51) 

‘occurs with ^ 
inversion} "OH 

cyclohexene deos (+)-trans-1,2-cyclohexanediol 

oxide 


(Remember the following convention: Although we draw a single enantiomer of the product for 
convenience, it should be understood to be the racemate; Sec. 7.84.) 


506 CHAPTER 11 * THE CHEMISTRY OF ETHERS, EPOXIDES, GLYCOLS, AND SULFIDES 


Glycol formation from alkenes can also be carried out with potassium permanganate 
(KMnO,), usually under aqueous alkaline conditions. This reaction is also a stereospecific 
syn-addition, and its mechanism is probably similar to that of OsO, addition. 


OH 
110, “OH 
Fe ЕМА ——————» OH + MnO; (11.52) 
асе "s 
(purple (brown ppt) 
solution) (45% vield) 


Although the use of KMnO, avoids the expense of OsO,. a problem with the use of KMnO, is that 
yields are low in many cases because over-oxidation occurs; that is, the glycol product is oxidized 
further. Conditions have to be carefully worked out in each case to avoid this side reaction. 

The manganese in MnO; is in the +7 oxidation state. It is converted into Mn(IV) as a result 
of the reaction. Visually, when oxidation occurs, the brilliant purple color of the permanganate 
ion is replaced by a murky brown precipitate of manganese dioxide (MnO,). This color change 
can be used as a test for functional groups that can be oxidized by KMnO,. 


NODE | 11.23 What organic product is formed (including its stereochemistry) when each of the following 
alkenes is treated with NMMO in the presence of H,O and a catalytic amount of OsO,? 


(a) l-methyicyelopentene (Б) trans-2-butene 
11.24 From what alkene could each of the following glycols be prepared by the OsO, or KMnO, 
method? 
(a) OH ih} OH (c) meso-4,5-octanediol 
CH,CH,OCH,CH,CHCH,0H ся 
11.25 Show a curved-arrow mechanism for the first step, and the structure of the cyclic intermedi- 
ate formed, when an alkene is treated with KMnO,. A Lewis structure for the permanganate 
ion is as follows: 


permanganate ion 


-B. Oxidative Cleavage of Glycols 


The carbon-carbon bond between the —OH groups of a glycol can be cleaved with periodic 


acid to give two carbonyl compounds: 


OH OH о 
| | | 
ВОН СН—С— CH. — ee РҺ—С—Н + HiC—C— CH, + 2H;0 + HIO, H:O 
"i an aldehyde a ketone 
pod CH; (77-83% vield) 
щи (11.53) 


а glvcol 


Periodic acid (pronounced PURR-eye-OH-dik) is the iodine analog of perchloric acid. 


HCIO, н), 


perchloric acid periodic acid 
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Periodic. acid is commercially available as the dihydrate, HO TILO. often. abbreviated, as in 
Eq 11.53, as HIO, tsometimes galled peara-periesdi acnd V. Is sodium salt; Sal, (sodium metape- 
ridae ts sormelimies abso used. Periodic awid is a Turrly strong avid ip, — LG) The рети е 
cleavage reaction has been used as a test for elyeels as weli as for synthesis. The formulas НДО or 
Hw, are used intervhangeabls for periodic acid. 


The cleavage of glycols with periodic acid takes place through a evelic periodate ester mter- 
mediate (Sec. 10,30] that forms when the glycol displaces (wo ОН groups from НЛО, . 


|I t 
| oH Ph. / „у OH 
Ph ——c— OH HO. | „оН CTUM UH | 
| gr —»- | І + 2H)0 Asa 
Н.С СОН HO" | 7O penam 

| OH Hx) Соп 

CH, CH; 
H;lO mM 

a glvcol contains Iodine (VIII acvelic periodate ester: 


contains «ne (VLD 


The evelic ester spontancously breaks down bs à сусће flow of electrons in which the iodine 
accepts an electron pair. (The direction of electron Bow ts arbitrary.) 


electron pair | 


|| [| 
н | М, 
Ph. / 0H j| H Ol 
C^ Al OH D | OH 
|— "IL —— Е jr (1 T.545) 
uis] Ө Н | чу 
Wee X Cog | ОН 
Ls C=O 
А H310, (or HIO; H0) 
Hic contains podine (V) 
aldehvales 


inid/or ketones 


A olyeol that cannot form a evelic ester intermediate is not cleaved by periodie acid. For 
example. the following compound is not cleaved because it is impossible for both oxygens to 
be part of the same evelic periodate ester. (H you can t see whs, build a model and try connect- 
ing the two oxygens with one other atom.) 


OH 


OH 


Do net confuse osmium tetroxide, permanganate. and periodate oxidations, all of which 
occur through evehe ester intermediates (See. 11-4154). Pertodate oxidizes giyeois, but the other 
Do reagents oxidize dikenes to eive elvools. In all ob these reactions, oxidation oceurs Be- 
cause an atem in a highly positive oxidation state can accept an additional pair of electrons. In 
the periodate oxidation. thé reduction of the iodine occurs during the breakdown of a cyclic 
ester: in the permanganate and osmium tetroxide oxidations, the metals are reduced during the 
formation of a сусп ester. 
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PROBUS 11.26 Give the product(s) expected when each of the following compounds is treated with periodic 
acid. 


ia) OH D (b) (^ (c) OH 
eo — СН: PhCH CHCH OH i$. 
OH 


11.27 What glycol undergoes oxidation to give each of the following sets of products? 
(a) HC (Ey) 


О 
Y—o + 248 | 
p | 
HC 
о 


OXONIUM AND SULFONIUM SALTS 


A. Reactions of Oxonium and Sulfonium Saits 


If the acidic hydrogen of a protonated ether is replaced with an alkyl group. the resulting com- 
pound is called an oxonium salt. The sulfur analog of an oxonium salt is a sulfonium salt: 


:Ot “Ot «O* RE, 
Q^ ер EC œR rae SCE 
a protonated — atrialkvloxonium trimethyloxonium 
ether lon tetrafluoroborate 
(an oxonium salt) 

MS yt :5+ NOJ 

nee ат $ à 
R R R R LE “EH, 


а protonated atrialkylsulfonium — trimethylsulfonium 
sulfide ion nitrate 
(a sulfonium salt) 


Oxonium and sulfonium salts react with nucleophiles in 5,,2 reactions: 


СН 
HO:- + H.C-O: BF; ——> HOCH. + (CH;),0: + ВЕ (0155) 
io _ __ VI ad DA ary 
В | (89% yield) 
- ЕМ; 


| - A wm - heat “з T | 
Pai soy :Br — ——— Ph—GI —5—CH; + 9487: — (07:56) 
CH, CH; CH; 
Е , ЫЕ " РЕ . + ms. =ч 
(CH4AN: + (СН 57 NOF — (СН), М NOF + (CH,),S! (рат) 
Oxonium salts are among the most reactive alkylating agents known, and they react very 


rapidly with most nucleophiles. Because of their reactivity, oxonium salts must be stored in 
the absence of moisture. For the same reason, these salts are stable only when they contain 
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counterions that are not nucleophilic, such as tetrafluoroborate (7 BF). (Tetrafluoroborate ion 
is not nucleophilic because, even though boron bears a negative charge, it has no unshared 
electron pairs.) Sulfonium salts are considerably less reactive and therefore are handled more 
easily. Sulfonium salts are somewhat less reactive than the corresponding alkyl chlorides in 
Syg reactions. 


PROBLEM MEN EN : "^ 
11.28 Explain why all attempts to isolate trimethyloxonium iodide lead instead to methyl iodide 
and dimethyl ether. 


11.29 Complete the following reactions. 


an + 
(а) „75; 4 (b) (CH3),S + (CH3);0 ВЕ; —» 
| + (CH;);0+ ВЕ; —- 
2. 


N 


B. S-Adenosyimethionine: Nature's Methylating Agent 


A sulfonium salt, $-adenosylmethionine (SAM), is important in biological systems as а 
methylating agent for biological nucleophiles. The structure of SAM is shown in Figure 11.1. 
Although this structure seems complicated, the chemistry of SAM arises solely from its sulfo- 
nium salt functional group. Like the sulfonium salts in Eqs. 11.56 and 11.57, SAM reacts with 
nucleophiles at the methyl carbon, liberating а sulfide leaving group: 


R' Li 
TP ° + — "S 
RP—OF HC: M - цз (у (рр + 35: (11.58) 
a biological N : К , 
nucleophile К R^ 
suliide 


leaving group 


SAM is stahle enough to survive in aqueous solution, but it is reactive enough to undergo en- 
zyme-catalyzed 542 reactions. Evidence supporting an 5,2 mechanism in methylation reactions 


HO OH 


Figure 11.1 S-Adenosylmethionine (SAM). The boxed parts of the structure are abbreviated В! and А? in the text. 


+, 
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involving SAM was oblained by a very elegant experiment, The methyl carbon of SAM. was 
. А А . 4 ror 

made asymmetrie by using the two hydrogen isotepes deuterium (D, or 711) and tritium CF. or 

"Ha. Tt was found that substitutions on this methy | group proceed with inversion of configuration. 

exactly as expected tor the S, 2 mechanism, 

RI 


- i5 (11.59) 


inversion of 
configuration 


The compound 5-adenosylmethionine. like МАБ” (See. 10.7) is another example of a 
complex biological molecule that undergoes transformations which are readily understood in 


terms of common analogies [rom organic chemistry. 


INTRAMOLECULAR REACTIONS AND 
THE PROXIMITY EFFECT 


A. Neighboring-Group Participation 
An interesting phenomenon ts Ulustrated by the remarkable difference in the rates of the Tol- 


lowing two substitution reactions. which are superficially very similar: 


T А relative rate: 

CH CH .CE.CHACH2CH-—l - Hc a и СН НСС ИСН. —O0H — НА | 
dicxane | 

hexyl chloride ] -hexanol EERCUT 


i 1-chlorohexane) 


EIN 


as HM waler К : : T 
CHjiCH;SCH:;CH;— Cl + Н.О г CERCHESSCH-CEI—OH + Ht] 3200 
= 5 T 7 ШАЛ Е E 7 
BD-chloroethyi 2-tethylthiojethanol 
ethyl sulfide (11.600) 
At first sight. both reactions appear to be simple 8,2 reactions 1n which chloride is displaced 
as a leaving group by water. In fact. this гу the mechanism by which hexyl chloride reacts: 
RESC " 
: ps : : : : at JO Af water | | | | | | na z 
CH;,CHSCH-CH:;CHSCEH;— CE: — > CII.CIICH+CH ACH ACH:—OH KET 
- Ё - Ё Ё os divane - - - i wow | br 
:OH. H 
й 


| ж 
| = y] E 


CHCH;CH;CH:CHSCH;—6OH + Ot рб 


This reaction requires high temperature because water is such a poor nucleophile in the 5,2 
reaction that the reaction is extremely slow at lower temperatures. The presence of sulfur in 


(all, 
da, 
T 


-— 
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the alkyl паде molecule should have hule effect on the rate of the S42 reaction, because the 
S42 mechanism is not very sensitive to the clectronegativities of substituent groups, (In fact. 
electronegative substituents are known to retan 5. 2 reactions slightly.) Yet the reaction in Ey. 
[1.606 ts thousands of times faster than the reaction in Eq. 101.6023. The reaction in Eg. 11.604 
lakes almost two mentia, whereas the reaction la Eg. | £.60b takes about 30 лге. This 
huge difference ts due solely to the presence of sulfur in the molecule. 

The rate of kq. 1160h is unusually large because a special mechanism facilitates the reac- 
uen, a mechamsm not available to hexyi chloride. In the tirst and rate-limiting step of the 
mechanism, the nearby sulfur displaces the chloride wishin fe same molecule: 


CoH,—$—CH,CH; C]  ——39 — H;C—CH. CI (11.62да) 


an episultonium salt 


The eptsulfonium ron that results from this internal nucleophilic substitution reaction is struc- 
їшгаПу similar to a protonated epoxide (See. 11.48) or a bromonium ion (Sees. 5.2A and 
FOC} Ip is very reactive because it contams a strained three-menmbered ring and à good leav- 
ing group. Water rapidly reacts with this intermediate as it would with a protonated epoxide or 
bromontum ron to sive the observed substitution product, 


+ 
11.47 


HLC—CH, ——= (CH—5—CHSGCH ОН. = Quh—8—CH;CH.— OH o HOt (162b 


VOL, 


Notice That thts product is identical to the one thal would have been formed in an ordinary 5,2 
reaction in which the sulfur played no active role. Thus, in this case. the role of the sulfur is 
nol apparent from the identity of the product. Only ie rate of the reaction suggests that the 
sulfur has a special role in the mechanism. 

The covalent involvement of neighboring groups in chemical reactions has been called 
neighboring-group participation or anchimeric assistance (from the Greek word anchi, 
meaning “near ). The neighboring-group mechanism of Eq. 11.62a is fn competion with an 
ordinary 8,2 mechanism in which water reacts with the alkyl halide directly. Because the 
faster of two competing reaetions 15 always the observed reaction, a reaction that involves 
neighboring-group participation, inorder to be observed. musr be faster than the same net re- 
action that occurs by other competing mechanisms. The rate of the reaction in Eq. 11.600 
provides the basis of comparison—that is, a rough idea of what rate to expect for a reaction 
that occurs by direct substitution of water im the absence of neighboring-eroup participation, 
A large rate aeceteration, such as the one in Eq. 11-606, is typical of the experimental evi- 
denge used to diagnose the involvement of a neighboring group in a chemical reaction. Pro- 
lessor Suul Winstein 912-1969) of the University of California, Los Angeles, discovered 
numerous examples of neighborimg-group participation and showed that all of these are as- 
socluled with significant rate accelerations. (Other evidence for neighboring-group participa- 
lion 1s discussed in Sec. 11.76.) 

Why should a newhboring-group mechanism accelerate a reaction? Although the nucle- 
ophiles in Eas. П.А and 1.624 are dilferent—an oxygen atom in one case. and a sulfur in the 
other—caretul studies have shown that the laree difference in the rates of these reactions сай 


912 
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be attributed to the difference in the nucleophilic groups. Rather, the difference has to do with the 
fact that the neighboring-group mechanism, Eq. 11,622, 45 an intramolecular reaction 
tion of groups within the same molecule whereas the mechanism shown im Eq. 1161 is an m- 
termolecular reaction— -a reaction. between different лесне. Was allen the cause that in- 
tramoelecular reactions occur much more rapidly than their intermelecular counterparts. 

You studied another example of this phenomenon earlier in this ehapter: the суспғапоп ol 
halohsydrias (See. 11.283. The alkoxide of a bromobs drin has to competing possibilities for 
reaction. First, it can undergo an Ptrameleculur reaction to form an epoxide: 


dA Pedic- 


TETE IB 
g^ E 
st E — He ek Ih: + Br i] ШАН. 
] | iC Р } еВ H / 
HUC Br: н.с 


an epoxide 


This is the observed reaction. However. another possible reaction is For the alkoxide to react 
asa nucleophile in an Patermolecilar reaction with a second molecule of bremohsyurin: 


To | 
LC NE HC 
HCH! / HL "n 
BC A 7С ©; BT arem 
110 И] HO "E 
E / 
ie 
T Hac : 
gc- E ТОН; | \ 
| / IC br 
HUC ar 


Because the epoxide—the Dirreanefecular reaction product is observed. the intramolecutar 
reaction must be signifigantly Taster. 

Lets, then, rephrase our question: Why should an intramolecular reaction be Taster than an 
intermolecular reaction? 

The answer has to do with the probability that the reaction will occur, This reaction prota- 
bility is “built into” the standard free enerey of activation, AG” |w high, you may recall, ts the 
free-enerey barrier for formation of the transition state. (The larger is АС. the smaller is the 
rate: Seo. МА.) 


АС = АН? - ТАХ (11б 


In this equation, ААР is the standard enthalpy of activation, 55° is the standard en- 
tropy of activation, and 7 is the absolute temperature in kelvins. The enthalpy of activation 
is determined by the strengths of the bonds broken and formed. van der Waals repulsions, and 
other energies that result from momig and molecular interactions. Phe entropy of activation re- 


flects the intrinsic probability of reaction. Por mlermolecular reactions, bo molecules must 


tind each other by random diffusion and must be oriented in just the right way for reaction to 
oveur, This is a relatively improbable event, and its low probability 15 reflected in large nega- 
(xe values of AS? O. Because the ЛАУ" term in Eq. 11.64 is preceded bs a minus sign. a ngega- 
live AST results a postive contribution to ACG? amd thus a larger free-energy barrier and а 
smaller reaction gute. However when two reacting groups are present in the same molecule. 
thes do nor have to lind each other by random diffusion: at most; one or to internal rotations 
are required to position them to react. Thus, the onis prerequisite for the reaction in Eq. | [62a 
is thal the C— 5 bond bend toward the back side of the C—C bond. Thus. нине сий re- 
actos are mtrinsically more probable, This means that their AST values are considerably 
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larger (that is, less negative) than those of their intermolecular counterparts. Thus, for an in- 
tramolecular reaction, the AG® is considerably smaller and the rate is greater. 


Consider the following analogy to reaction probability: Suppose you are left in а crowded airport and 
told to find a particular person and shake hands. This would take you a very long nme if you had to 
search at random throughout the terminal. However. this "reaction" would be very rapid if the person 
you are looking for were tied to you by a very short rope! Tying the two of vou together has signifi- 
cantly increased the probability of your making contact. 


PROBLEMS he t E MOT : 
PROBLEMS | 11.30 Give the structure of an intramolecular substitution product and an intermolecular substitu- 
tion product that might be obtained from 4-bromo-1-butanol on treatment with one equiva- 


lent of NaOH. Which product do you think would be the major one? Why? 
11.31 Indicate the process in each of the following pairs that results in the greater (less negative or 
more positive) entropy change. (Hint: Remember that entropy is equivalent to probability.) 
(a) Throwing a pair of ones with dice or throwing a one and any other number. 
" (b) Throwing a fistful of variously colored (uncooked) spaghetti onto a table or sorting the 
same fistful of spaghetti by color into piles. 
11.32 Two reactions. A and B, have the same АА", but the AS”? of reaction A is —30 J дерт. 
mol~', and the AS?* of reaction B is — 180 J deg ' mol '. At 25 °С (298 K). which reaction 
is faster and by what factor? (Hint: Apply Eq. 4.33a. p. 160.) 
11.33 Indicate which reaction in each of the following pairs should have the greater (less negative, 
more positive) standard entropy of activation. Explain. 
ia) Formation of product А or formation of product B. (Hint: Loss of internal rotations de- 
creases freedom of motion and thus lowers entropy.) 


Oo О 
Р HUS ~ 
CH;CHCHCH;CH;Br —» CH,CH— CHCH;CH;Br + | + :Вг: 
А Вг 
Вг " 


0) HN Уң [^ 
OCH,“ Br: 
O cer om 
CH,CH,— CH... fH 

У CH; 


———— 


О 


ЕТЕ 
== N Кн + chen |] 


+ :Br: 


ОТ 
нуе Н ee HN Ун 
Ww CH;--Br =, 
| О 
CH, ——> 


B. The Proximity Effect and Effective Molarity 
The rate acceleration of intramolecular reactions over their intermolecular counterparts is 
called the proximity effect. The proximity effect is expressed quantitatively as the ratio of 
rate constants for an intramolecular reaction and its intermolecular counterpart. 


C o k А 
proximity effect = гл (11.65) 
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| Study Problem 11.5 


An intramolecular process is typically unimolecular and follows a first-order rate law. An in- 
termolecular process is typically bimolecular and follows a second-order rate law. Because a 
first-order rate constant k, has units of 87! and a second-order rate constant has units of 
M^ s^, the proximity effect has units of concentration, that is, M. For this reason, the prox- 
imity effect is sometimes called the effective molarity. Calculation of a proximity effect and 
the significance of the effective molarity are explored in the Study Problem 11.5. 


Calculate the proximity effect for the intramolecular reaction in Eq. 11.60b given that its rate is 
3200 times greater than its intermolecular counterpart. 


Solution The intramolecular reaction (Eq. | 1.60b) is 3200 times faster than the intermolecular 
reaction (Eq. 11.602). Notice that the solvolysis rate of hexyl chloride is taken as an approxima- 
tion of the intermolecular solvolysis rate of the sulfide. This approximation is necessary because 
the intramolecular reaction is so fast that the sulfide does not undergo the intermolecular reaction. 
The factor of 3200 is the ratio of rates. Taking the ratio of the rate laws for the two reactions, not- 
ing that the water concentration 1s 20 M, and letting the alkyl halides be at the same concentration 
for comparison. 


rate of reaction 11.60b k [alkyl halide] k, (11.6ба) 
SSS ee Se ae ae ee e e aeee + a 
rate of reaction 11.60a k,[alkyl halide]|H,O] 20 M) 
from which we calculate the proximity effect as 
| k 
proximity effect — m = (3200)(20 M) = 64,000 M (11.66b) 


The effective molarity is therefore 64,000 M. The effective molarity is the concentration of the nu- 
cleophile (water in this case) required for the rate of the intermolecular reaction to equal that of 
the intramolecular reaction. Because the concentration of water is 55.6 M in pure water, 64,000 M 
is an impossibly large concentration. What this large effective molarity means, then, is that it is 
impossible to make the water concentration high enough for the intermolecular reaction to take 
place; the intramolecular reaction 1s orders of magnitude faster than the corresponding intermole- 
cular one regardless of the nucleophile concentration. 


As we can now appreciate, neighboring-group participation is a reflection of the proximity 
effect. How large can the proximity effect be? Intramolecular reactions typically have AS** 
values that are 100 to 150 J дерт! mol"! more positive (that is, more probable) than their in- 
termolecular counterparts. This means that at 298 K the — TAS*' contribution reduces AG” in 
Eq. 11.64 by about +30 to +45 kJ mol" '. Using Eq. 4.33a, p. 160. we can calculate that the 
corresponding effect on the rate constant—the proximity effect—can be as high as 10° M. (See 
Problem 11.32.) This shows that intramolecular reactions can be accelerated by many orders 
of magnitude over their intermolecular counterparts. 

As Eq. 11.64 shows, the reaction probability, or AS°*, is balanced against the AH® for the 
reaction. Thus, when a cyclic species such as the €pisulfonium ton in Eq. 11.62a is formed in 
an intramolecular reaction. its angle strain increases the AH® of the reaction. This opposes the 
entropic advantage of the reaction. This is why the proximity effect for Eq. 11.606 is less than 
the theoretical maximum. Nevertheless, the entropic advantage of the intramolecular reaction 
is so great that it occurs despite the strain in the three-membered ring that is formed. In fact, 
the strain in the episulfonium ion in Eq. 11.62a is the reason that it reacts rapidly with water 
(Eq. 11.62b). 
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When a ring is formed in an intramolecular reaction, some internal rotations present in the 
starting material are not present in the product because full 360? rotations about single bonds 
are not possible within a ring: thus, there is less freedom of motion in the product than in the 
starting material. The more internal rotations are eliminated, the greater the entropic cost. 
Therefore, the larger the ring that results from an intramolecular reaction, the greater is the en- 
tropic cast. (See Problem 11.33a.) An analogy is that if you're trying to swat a fly that is tied to 
you with a string, it becomes increasingly unlikely that a random swat will hit the fly as the 
string is made longer. Thus, the formation of a four-membered ring in an intramolecular substi- 
tution reaction has a higher entropic cost than the formation of a three-membered ring, and for- 
mation of the transition state for backside substitution causes substantial angle strain and re- 
quires a conformation in which all bonds are eclipsed. In fact, neighboring-group mechanisms 
that involve four-membered rings are relatively rare. Although the entropic cost for the forma- 
tion of five- and six-membered rings is higher still, these rings have little or no strain, and АА?“ 
tor the formation of these rings Is relatively favorable. Intramolecular nucleophilic substitution 
reactions that form five- and six-membered rings are common, with the formation of five-mem- 
bered rings being particularly rapid. (See Problem 11.35.) Intramolecular nucleophilic substi- 
tution reactions that form rings with more than six members are ordinarily not observed. 

To summarize: 


1. intramolecular nucleophilic substitution reactions are particularly common for cases in- 
volving the formation of three-, five-, and six-membered rings. 

. The main reason that these intramolecular substitutions are favored over their intermol- 
ecular counterparts is that the A5*'—the reaction probability—for intramolecular reac- 
tions 1s much less negative. 

3. The rate acceleration of intramolecular reactions over competing intermolecular reac- 
tions is measured as the ratio of rate constants for the two processes. This ratio is the 
proximity effect or the effective molarity. 

4, The magnitude of the proximity effect varies from reaction to reaction, but the AS^* con- 
tribution can theoretically be as high as 10° M. 


2 


Enzymes as Entropy-Reduction Machines 


Enzymes, nature's catalysts, bring about rate accelerations of many orders of magnitude in the reac- 
tions that they catalyze. The molecules on which they act are called substrates. Enzymes use nonco- 
valent forces (which we'll explore in Chapter 26) to bind their substrates tightly into a specific region 
of the enzyme called the active site. Within the active site are typically found built-in groups, part of 
the enzyme structure, that can act as acid catalysts, base catalysts, and nucleophiles. Bound metal 
ions can additionally act as Lewis acid catalysts. These groups are positioned optimally for catalytic 
efficiency. Once the substrates for an enzyme-catalyzed reaction are bound tightly together within 
the active site, their reactions with each other and with the catalytic groups in the enzyme active site 
become intramoleculor reactions. These groups do not have to find each other by random diffusion. 
Hence, the enzyme can bring about a proximity effect of up to 10° M for each group involved in the 
reaction. The resulting rate acceleration can be 10” or larger. In effect, the structure of the enzyme 
and its binding affinity for substrates are used to overcome the AS** problem associated with the 
random collision of several different groups.Thus, the enzyme brings about a very highly organized, 
low-entropy (improbable) arrangement of reacting species that would be essentially impossible to 
achieve if separate acids, bases, metal ions, and nucleophiles had to "find" each other by random dif- 
fusion. This is the major factor responsible for the rate accelerations brought about by enzymes. As 
we have seen, this phenomenon can be demonstrated, albeit at a less spectacular level, in the prox- 
imity effect on intramolecular reactions. 
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| PROBLEMS 11.34 The nucleophilic substitution reaction of sodium 2-bromopropanoate with water and/or 


“OH can occur by both ап 5,2 (intermolecular) mechanism and a mechanism that involves 
neighboring-group participation. 


O O 
Mite ul H;O P alio ia 
Hj4C—CH—C—O Na + Na "OH — Ну. CAO UM Na + Na Вг 
| 
Br OH 
sodium 2-bromopropanoate sodium lactate 


(a) Give the curved-arrow notation for the 5,2 mechanism with NaOH as the nucleophile. 
(b) Give the curved-arrow notation for the neighboring-group mechanism. This mechanism 
should lead you to the structure of an unstable intermediate. which then reacts with water. 

(c) The first-order rate constant К, for the neighboring-group reaction ts 1.2 X 107^ s~'. The 
second-order rate constant for the S,2 reaction is 6.4 X 107* M^' s~'. Calculate the prox- 
imity effect for the neighboring-group reaction. 

(d) At what NaOH concentration does this reaction proceed by the two mechanisms at the 
same rate? 

(e) What is the predominant mechanism in 1 M NaOH? 

(f) Consider the structure of the intermediate you derived in part (b). The reason for the smal] 
proximity effect is that this intermediate is very unstable. Explain why this intermediate is 
more unstable than an ordinary epoxide. (Hint: Think about the preferred bond angles.) 

11.35 The reaction of à-chlorobutyl phenyl sulfide in dioxane containing 20 M water at 100 °C 
gives a cyclic compound X that can be isolated. 


LOD °С 
20 M water 
dioxane 


Ph—S—CH,CH,CH,CH,—Cl 
é-chlorobutyl phenyl sulfide 


a cyclic compound Х 


This reaction is 2! times faster than the 5,2 reaction of water with 1-chlorohexane under the 
same conditions. 

(а) Deduce the structure of X and give the curved-arrow mechanism for its formation. 
(b)Caleulate the proximity effect for this reaction. 


C. Stereochemical Consequences of Neighboring-Group Participation 


The mechanism of the neighboring-group reaction given in Eqs. 11.62a-b involves wo sub- 
stitution reactions. The first is the intramolecular substitution by the neighboring sulfur nucle- 
ophile to give the episulfonium ion intermediate. The second is the ring-opening reaction of 
water with the episulfonium ion. This double-substitution mechanism has stereochemical con- 
sequences if the reacting molecule contains appropriately situated stereocenters. This point is 
illustrated in Study Problem 11.6. 


Study Problem 11.6 


Indicate the stereochemical outcome of the following substitution reaction (a) if neighboring- 
group participation does not occur, and (b) if neighboring-group participation takes place. 
C;HSS: H 
bv 27 D a+ 
pee HQ —>» С,Н;5 ғ onde + HCl 
(28,35) 


11.7 INTRAMOLECULAR REACTIONS AND THE PROXIMITY EFFECT 517 


Solution 

(a) If the reaction were a simple $,,2 reaction, the nucleophile would displace the chloride leaving 
group with inversion of configuration (Sec. 9.4C). Thus, the (2R,35)-stereoisomer of the start- 
ing material should give Ше (25,35)-stereoisomer of the product: 


OHS: H CH5: | OH 
Э ИР у 1 | ЗАРЕ. $ | 
E we G C ali Н.О — e p VH LE НСІ ( | 1.67) 
H Cl H D 
(26,35) (25,35) 


(b) If the reaction involves neighboring-group participation, (ће intramolecular substitution occurs 
with inversion of configuration. Notice in this case that the resulting episulfoniurn ion has the 
25.35 configuration. 


(11.683) 


(28,35) episulfonium ion 
(25,35) 


The two carbons of the episulfonium ion are homotopic. Reaction of the nucleophile water at ei- 
ther carbon of the episulfonium ion gives the same product: 


C,H; inversion at C-3 
SX j H D ‘SCH. 
JF NR 9р. HÖ: ee ар Hec. үк} A 
| "A Com] ——H "proton ^" D" X + ра UH T НО ( 1 ] .68b) 
H \ / D transter H :OH HO: D 
HO: product from product from 
substitution at С -2 substitution at C-3 


identical molecules 


If we compare the product stereochemistry with that of the starting material, we find that the 
neighboring-group mechanism gives net retention of stereochemistry. 


retention of configuration at C-2 


C,H5S H/ CH5: N H 
\ 2л) м гәр 
HO р — ое + HCl (11.68c) 
` ри == p^ М 
H CI H :OH 
(28,35) (28,35) 


Because we know the neighboring-group mechanism to be correct, this is the expected stereo- 
chemical result. 
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When a substitution reaction occurs with overall retention of stereochemistry, we should 
strongly suspect that two substitutions have occurred, because all known instances of con- 
certed (one-step) S42 reactions occur with inversion. If a potential nucleophile is present in the 
starting material so that it can form a small ring, a cyclic intermediate is likely. 


FEUDUM 11.36 Carry out an analysis similar to Study Problem 11.6 of the stereochemical result expected 


when the (2R,3R)-stereoisomer of the starting material is used. 


11.37 The nucleophilic substitution reaction of sodium 2-bromopropanoate with water shown in 
Problem 11.34 occurs with retention of configuration at very low NaOH concentrations, but 
occurs with inversion of configuration at | M NaOH. Relate this finding to your answers for 
Problem 11.34. 


11.28 In the nucleophilic substitution reaction of the following radioactively labeled compound 
with water, what labeling pattern should be observed in the product (a) if the neighboring- 
group participation does not occur and (b) if neighboring-group participation does occur? 


C;H;§ —CH,CH,—Cl С = HC 


11.39 Explain why the following two alcohols each react with НСІ to give the same alkyl chloride. 


НС] 


тари CH;— OH (8196 vield) Cl 


CH; C;H5$— CH;— CH— CH, + H;O 


ety cus mer OH 
CH, 


(72% vield) 


OXIDATION OF ETHERS AND SULFIDES 


Ethers are relatively inert toward many of the common oxidants used in organic chemistry if 
the reaction conditions are not too vigorous. For example, diethyl ether can be used as a sol- 
vent for oxidations with Cr( VI). On standing in air, however, ethers undergo the slow autoxi- 
dation discussed in Section 8.9D that leads to the formation of dangerously explosive perox- 
ide contaminants. 

The sulfur analogs of peroxides are disulfides. which are R—S—S—R oxidation prod- 
ucts of thiols (Sec. 10.9). Disulfides are not explosive, and in fact occur widely in nature 
within the structures of proteins (Sec. 26.8). 

Like thiols, sulfides oxidize at sulfur rather than carbon when they react with common ox- 
idizing agents. Sulfides can be oxidized to sulfoxides and sulfones: 


T m n 13 
R—5—R oxidation R—S—R R—S—R oxidütion um m. R—stg 
+ | | 
a sulfoxide О: QI 


à sulfone 
(11.69) 


Dimethyl sulfoxide (DMSO) and sulfolane are well-known examples of a sulfoxide and а sul- 
fone, respectivelv. (Both compounds are exceilent dipolar aprotic solvents; see Tahle 8.2, p. 341.) 
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() 
| L 
Ihe. p EE 
dimethylsulfoxide 
(DMSO) tetramcthylenesulfone, or 
sulfolane 


Notice that nonionic Lewis structures for sulfoxides and sulfones cannot be written without more 
than an octet of electrons on the sulfur. The bonding at sulfur in such situations was discussed in 
Sec, [0:9 

Sultoxides and sullones can be prepared by the direct oxidation of sulfides with one and 
Iwo equivalents, respectively, of hydrogen peroxide. H-O.: 


| equi, Hatt j T 
— — Pa ; T HANI 
x Hi аала M LAA wieki] 


25 Q.48h j 
2 equiv, LAO» {) 
heat. 4h iain 
[O75 viel} 
М 
uu AR. 
p^ m 


Other common oxidizing agents. such as KMnO, HNO, and peroxvaeids (Sec. 11.2AÀA ), also 
readily oxidize sultides, 


Sulfide Oxidation: a Primary Event in Alzheimer's Disease? 


Alzheimer's disease is a devastating disorder occurring primarily in the brains of elderly patients 
that results in severe dementia and, ultimately, death. In Alzheimer's disease, protein-containing 
plaques form outside of the neurons (nerve celis] in the brain and tangles of hlaments form within 
them and these neurons die. It is generally believed that the release of a small peptide of 40-42 
amino acids, called amyloid -peptide, from a larger protein is one of the primary events in the 
etiology of Alzheimer's disease. (Peptides are chains of a-amino acids with the general structure 
HN — CHR— CO; connected by amide bonds; the amino acids differ by the structure of R.) There 
is evidence that the oxidation of methionine, a sulfide-containing amino acid in amyloid §-peptide, 
is required for the adverse effects associated with this peptide. This single methionine is oxidized ta 
a sulfoxide by adventitious oxidants. 


О О 
СИЕ = — 2 p — И 
сн, m m 
" bu, cH, 
P 5 i = 
m н E 
methionine a methionine residue a methionine sulfoxide residue 
(the amino acid) in a peptide or protein in a peptide or protein 


(11.71) 
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Certain antioxidants that prevent oxidation of this methionine also protect neurons from the toxic- 
ity of amyloid B-peptide. This observation has led to the hypothesis that a diet rich in antioxidants 
might offer some protection against the development of Alzheimer's disease. 


THE THREE FUNDAMENTAL OPERATIONS 
OF ORGANIC SYNTHESIS 


| Study Problem 11.7 


Section 10.11 introduced organic synthesis with a systematic approach to solving synthesis 
problems. This section continues this approach by classifying the operations involved in a typ- 
ical synthesis. Most reactions used in organic synthesis involve one or more of three funda- 
mental operations: 


functional-group transformation 


control of stereochemistry 
ormation of carbon-carbon bonds 


1. 


А, 


ata 


Functional-group transformation—the conversion of one functional group into another—is 
the most common type of synthetic operation. Most of the reactions you've studied so far in- 
volve functional-group transformation. For example. the hydrolysis of epoxides transforms 
epoxides into glycols; hydrohoration—oxidation converts alkenes into alcohols. 

Control of stereochemistry is accomplished with stereoselective reactions. Whenever you 
have to prepare a compound that can exist as several stereoisomers, you should think in terms of 
these reactions. Examples of stereoselective reactions include hydroboration—oxidation, which 
is а svr-addition, and S,2 reactions, which occur with inversion of configuration. 

Reactions that bring about the fermation of carbon—carbon bonds are particularly impor- 
tant, because these reactions must be used to add carbon atoms, and thus "grow" larger carbon 
chains from smaller ones. Only two reactions of this type have been presented: 


і. cyclopropane formation from carbenes or carbenoids and alkenes (Sec. 9.8) 
2. reaction of Grignard and organocuprate reagents with epoxides (Sec. 11.4C) 


Most reactions involve combinations of at least two of the three fundamental operations. 
For example, hydroboration—oxidation is а functional-group transformation (alkene —> 
alcohol) that also allows, at the same time, the control of stereochemistry. The reaction of an 
epoxide with a Grignard or organocuprate reagent effects both carbon-carbon bond formation 
and a functional-group transformation (epoxide —— alcohol). 

Study Problems 11.7 and 11.8 demonstrate how to use the three fundamental operations in 
planning an organic synthesis. 


Outline a synthesis of I-hexanol from |-butanol and any other reagents. 


Solution As usual, first write the problem in terms of structures: 
CH,CH,CH;CH,—OH ——» CH,CH,CH,CH,CH,CH,—OH 


Next, analyze the types of operations needed. Two carbons must be added, but no issues of stereo- 
chemistry are involved. You should not assume that because both the starting material and final 
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product are alcohols. no functional group transformations will be necessary. As shown in the fol- 
lowing reactions, the alcohol group is transformed into other groups during the synthesis. 

Now work backward from the product. The reaction of a Grignard reagent with ethylene oxide 
followed by protonolysis would add the required two carbon atoms and would form the desired 
alcohol: 


О 
+ 
CH,CH,CH,CH,—MgBr-* H,C—CH, ——» 05. СН.СН,СН,СН,СН,СН, он 


Next. decide how to prepare the Grignard reagent. There is only one way: 


CH;,CH;CH;,CH,— Br + Mg —— CH;CH;,CH;CH;— Mglr 
Because the alkyl halide required for this step has the same number of carbons as the starting 
alcohol, one functional-group transformation remains to complete the synthesis. A primary alco- 
hol can be converted into the required primary alkyl halide with concentrated HBr. Summarizing 
the completed synthesis: 


HBr, H-504 
CH,CH,CH,CH,—OH ——““—» CH,CH,CH,CH,—Br wx 


o 
H LEM Н.о“ 
CH;CH;CH;CH;— MgBr ——————+  — —— СН,СН,СН.СН,СН,СН, ОН 


Notice that the sequence of reactions used in Study Problem 11.7 is a general one for the 
net nwo-carbon chain extension of a primary alcohol. 


po 
Hi 6H, Н" 
— > 


R—OH ж» R— Вг ——* RMgBr R—CH,CH;—OH (11.72) 


net carbon chain extension by two carbons 


| Study Problem 11.8 


Outline a synthesis of (= )-trans-2-methoxycyclohexanol from cyclohexene. 


! OH 
QC 
"ОСН, 


Solution Notice that no new carbon-carbon bonds are joined to the cyclohexene ring, so reactions 
that form carbon—carbon bonds are not likely to be useful. There is, however, a stereochemical prob- 
lem: the two oxygens must be introduced in a trans arrangement. Finally, notice that a net addition 
of CH,O— and HO— to the carbon-carbon double bond is required. Such an addition cannot be 
completed in one step. However, in the opening of epoxides, the epoxide oxygen becomes ап —OH 
group, and this transformation occurs with inversion of stereochemistry at the broken bond so that 
the resulting groups end up trans. Opening an epoxide with CH,O ^ in CH,OH, or with CH,OH and 
an acid catalyst, is thus a good last step to the synthesis. 
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OH 
CH;O^ in CH3OH 


о ог СН ОН. HO, 


“OCH, 


Completion of the synthesis requires only the preparation of the epoxide from cyclohexene. (How 
is this accomplished? See Problem 11.1 1a.) 


11.40 Outline a synthesis for each of the following compounds from the indicated starting materi- 
als and any other reagents: 
(a) (CH;CHCH;CH,CO,H from (CH,),C—=CH, (2-methylpropene) 
(b) (CH,),CHCO,H from 2-methylpropene 
(c) dibutylsulfone from 1-butanethiol 
(d) trans-1-ethoxy-2-methylcyclopentane from cyclopentene 


SYNTHESIS OF ENANTIOMERICALLY PURE COMPOUNDS: 
ASYMMETRIC EPOXIDATION 


Ás discussed in Sec. 11.9, control of stereochemistry is one of the important elements of an 
organic synthesis. Conventionally, the control of stereochemistry is limited to the synthesis of 
individual diastereomers. If a synthesis begins with achiral starting materials, as many synthe- 
ses do, chiral products are obtained as racemates (Sec. 7.8A). In such a case, the only way to 
obtain pure enantiomers is to carry out an optical resolution al some stage of the synthesis. 
When such an enantiomeric resolution is necessary, half of the material—the unwanted enan- 
tiomer—is wasted. An optical resolution can be avoided if a chiral starting material can be ob- 
tained as a single enantiomer. The enantiomerically pure chiral compounds found in nature 
can serve as one source of such starting materials. Occasionally, an enzyme can be found to 
catalyze the formation of an enantiomerically pure compound from achiral starting materials. 
However, such sources of pure enantiomers are relatively limited. Yet, the synthesis of pure 
enantiomers without enantiomeric resolution has taken on special importance as regulatory 
agencies have mandated that chiral pharmaceuticals be produced as pure enantiomers rather 
than racemates. 

in recent years, chemists have learned to "custom-design" chiral catalysts that can bring 
about the formation of enantiomerically pure chiral compounds from achiral starting materi- 
als, This section discusses one of the most useful catalysts, which brings about the epoxida- 
tion of allylic alcohols to give enantiomerically pure epoxides. 

An allylic alcohol contains an — OH group on a carbon adjacent fo (not part of) a double 
bond. The simplest compound of this type, 2-propen-1l-ol, has the common name alivi alcohol. 


ү 
N A “pe 
C=C H-C= СН — CH,— OH 
x b 
2-propen-1-ol 
general structure of an allylic alcohol (allyl alcohol) 


When an allylic alcohol is treated with titanium(IV) isopropoxide catalyst, which we'll abbre- 
viate as Ti(OiPr),, along with r-butyl hydroperoxide, an epoxide is formed at the double bond 
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of the allylic alcohol functionality. Aqueous NaOH is added to destroy the catalyst and extract 
the by-products: the epoxide is isolated from the CHCl solvent. Although the reaction 15 à 
stereospecitic sveaeaddition, the product epoxide ts racemic. 


H CEO MOGI CE! 1, 
ъ | | | | | ШатишИ1 !isopropoxide іа н 
=t] + EEC —O—OF 
| P ч. CH IL. 
CHH- H t-butyl hydroperoxide 
{Е\-2-һехеп-1-о! O 
/ N - 
еы ЫН + СН.) — OH 
CHCH CH., H 
trans-3-propyloxiranemethanol 
racemic] {ТА 


But when (28.3R)-( + )-diethy! tartrate is added lo the reaction mixture. the product, obtained 
in 975: enantiomeric purity is the 25,35 enantiomer. and the (+ -diethy! tartrate can be recov- 
ered unchanged! 
E 
li od 


» | қ .Н. 
P CL 
СН й 


E { 
Hoon gd 
- 
ГОК, АЕН) бна Lartrate 


Н CHLOH THOT, ТА CHOH 


C=C ee, МЕ i ee i 
a ET TIENI = 
cHa TLEH: H " 


(25,35]-3-propyloxiranemethanol 
LSU: yield; Ye "so enantiomerically pure! 


BENE 


LEJ-2-hexen- 1-01 


When (25, 38;-€.— diethyl tartrate is used instead, the other enantiomer—the. IRAR enan- 


tiomer of the product is obtained. 


, HG H 


б. ; OU.H, 
сд Tod 


HO Hj 
Y 


(25,35}-(-)-diethyl tartrate 


11 CHOH EOP С) 
NF СЫ =u ШЕК i < 
—— SS А, А, LT 
Fa E ИТЕЛ i zu CHOH 
CHECHEN H CH,CH.CH: H 


(EV-2-hexen-1-ol (2R,3R)-3-propyloxtranemethanol 


Е 74h} 


The rwo enantiomeric tartrate esters can be easily prepared from the enantiomers of tartarie 
acid. an inexpensive and readily available, naturally occurring compound, and they are com- 
mercially availible. (You may recall that tartaric acid is the compound that was the object of 
the first enantiomerte resolution by Louis Pasteur; See. 6.12). These tartrate esters will be ah- 
brevtated as (cc DET and (= 1 DET. respectively. 
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These results are general for a large number of allylic alcohols. If we draw the allylic alco- 
hol with the —CH.OH group in the upper-right position on the double bond, the results can 
be generalized as follows: 


Ti OiPr), R F: 2-H,OH R .CH;OH 
(CH, C — O—OH H:O/NaOH xe o туй 
—— C—C => КСС 
Td ^ E D ы М РА 
R? CHOH к о OR 9 
"c =p “O” adds from below 
T4 Np? ! 
R lit OiPr), R? CH-OH O 
(CH,,.€—O—OH ~~ H;O/NaOH ү К Fi \, 
———„ — {| TRI к КА, ^ 
DET / — R L4 N GERON 
R' R^ R R^ 
“C7” adds trom above (11.75) 
Only double bonds with an allylic —OH group form an epoxide; others usually don't react. 
(+}-DET 
H CHOH TitQiPr), 
МА d (CHi,C— Q—O0H —— H,O/NaOH 
H C=C | —————- 
kS 7 S CH;Cl 
mac м H CH,OH 
fo | Н. 
CH,(CH,),CH; E "^ de. А? 
| Е? dU. c PT 
= C=C’ ў `H 
| not part af the / kha * 
allylic alcohol; CH,(CH,),CH;, H 
does not react. 
| (80% yield) (11.761 


This reaction, called asymmetric epoxidation, was discovered by Prof. K. Barry Sharpless 
and his student Tsutomu Katsuki in 1980 at the Massachusetts Institute of Technology. Prof. 
Sharpless. now at The Scripps Research Institute, shared the 2001 Nobel Prize in Chemistry 
for this discovery. (The reaction is often called the Sharpless epoxidation.) Its importance 
hinges on the many stereospecific ring-opening reactions that epoxides can undergo, as illus- 
trated in Study Problem 11.8. Following asymmetric epoxidation, stereospecific ring opening 
of the epoxide can introduce a wide variety of enantiomerically pure organic compounds. 
Since its introduction, asymmetric epoxidation has been a key step the synthesis of many im- 
portant, optically pure, chiral compounds. 


Study Problem 11.9 


Outline a synthesis of the following compound as a single enantiomer. 


(CHN 
S. муң 


*_CH,OH 


Solution When we see an —OH and another functional group, in this case the (CH,),N— (di- 
methylamino) group, on adjacent carbons in a trans stereochemical relationship, we should think 
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of an epoxide opening as a way to introduce both groups. as in Study Problem 11.8. The follow- 
ing reaction would work. 


(CH;),NH Е (СНз), 


CH,OH + (CH,);NH —- CHOH ж 


The epoxide is one that can be made by allylic epoxidation: the pattern in Eq. 11.75 shows that 
{+)-DET should be the chiral additive. 


Н (+}-DET 
„СНОН Ti(O;Pr), 
(CHiJC— O—OH _ H;O/NaOH 
———MMá—: —— 
CHCl; 


An intriguing question is how the chirality of a diethyl tartrate enantiomer determines the 
stereochemical outcome of the reaction. First of all, titanium(IV) alkoxides can readily ex- 
change any or all of their alkoxide groups with other alcohols. 


Б. У =. " " ROH ы ; а - ROH ` = 
(CH,),CH—O—Ti —O—CH(CH,}, ж R—O—Ti—O—CHICH;), —— further exchanges 
| 
O—CH(CH,}, O—CHICH;), 
+ (CH;},CHOH (11.77) 


The hydroxy groups of DET, the tert-butyl hydroperoxide, and the allylic alcohol can thus re- 
place the isopropyloxy groups and become bound to the same titanium. Once one of the hy- 
droxy groups of DET reacts this way, the reaction of the second hydroxy group with the tita- 
nium becomes an intramolecular reaction (Sec. 11.7) and is highly favorable. The addition of 
DET results in a chiral titanium alkoxide complex. Structural studies have shown that the 
complex actually involves two titaniums and two DET molecules with the structure shown in 
Fig. 11.2a (for (+)-DET as the additive). In this complex. the oxygen of t-butyl hydroperox- 
ide (shown in yellow) is poised below the double bond in an optimal arrangement to receive 
the nucleophilic donation of v electrons. Fig. 11.2b shows the same complex with the alkene 
oriented for reaction of the oxygen al the opposite face of the double bond—the reaction that 
is not observed. In this arrangement, the —CH,— group of the allylic alcohol is forced into 
a more congested part of the catalyst, where it has unfavorable steric interactions (van der 
Waals repulsions) with one of the tartrate ester groups. This steric effect is the mechanism by 
which the chirality of the tartrate ester “dictates” the stereochemistry of the reaction. 

The structure explains the catalyst specificity; that 1s, the catalyst is largely specific for al- 
Iylic alcohols because of the relationship of the allylic — OH. the double bond, and the perox- 
ide oxygen. Other unsaturated alcohols undoubtedly bond to the titanium, but their double 
bonds are not in the proper relationship to the peroxide oxygen for reaction. The reaction also 
doesn't work for tertiary allylic alcohols, because the van der Waals repulsions of the alkyl 
branches with the other groups bound to the catalyst prevent proper binding. 
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these hydrogens are involved in 
van der Waals repulsions 


(а) (bj 


Figure 11.2 Molecular models of complexes for asymmetric epoxidation, shown with allyl alcohol as the react- 
ing alcohol and (2R,3R)-( 2-)-diethyl tartrate as the chiral additive. The carbons and bonds of allyl alcohol are shown 
in purple, and the hydrogens in blue. The oxygen of t-butyl hydroperoxide that is delivered to the alkene is shown 
in yellow. Notice that this oxygen is perfectly positioned to receive electrons from the т bond. (a) The complex 


that leads to the epoxide with the observed chirality. (b) The complex that leads to the epoxide with the chirality 
that is not observed. This complex is less stable because of van der Waals repulsions between the allylic —CH,— 


hydrogens and one of the tartrate ester groups. 


PROBLEMS 11.4] 


Give the product and its stereochemistry when each of the following alcohols is subjected to 
asymmetric epoxidation with tert-butyl hydroperoxide, Ti(OiPr),, and the stereoisomer of 
diethyl tartrate (DET) indicated. 
C=C „ 4+)-DET 
~a 
H4C CH; 


‚ {—)-ОЕТ 
| “ш (-)-DET 


11.42 Propose a synthesis for each of the following compounds in enantiomerically pure form. 


11,43 


Use an asymmetric epoxidation in each synthesis. 


(a) Н ib} H OH 
О Hue f 
ton fi | ел CH OH 
| CH4CH;CH;5 CH, 


(a) Use the picture of the catalyst complex in Fig. 1 1.2a to explain why most E allylic alco- 


hols undergo asymmetric epoxidation more rapidly than their Z isomers. 


H CH,OH R CHOH 
Sy # ba / 
HL М Pd b 

К Н Н 
an E allylic alcohol a Z allylic alcoho! 


(b) Would the same phenomenon be observed with (—)-DET, the enantiomer of the DET 
used in Fig. 11.27 Explain. 
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KEY IDEAS IN CHAPTER 11 


Ethers can be synthesized by the Williamson ether 
synthesis (an 5,2 reaction), by alkoxymercuration-re- 
duction, or by the dehydration of alcohols or the 
related acid-catalyzed addition of alcohols to alkenes. 


Epoxides can be synthesized by the oxidation of 
alkenes with peroxycarboxylic acids or by the cycliza- 
tion of halohydrins. Epoxides of allylic alcohols can be 
prepared in high enantiomeric purity by asymmetric 
epoxidation using titanium isopropoxide, tert-butyl 
hydroperoxide, and either (+)- or (—)-diethyl tartrate. 


Ordinary ethers are relatively unreactive compounds. 
The major reaction of ethers is cleavage, which occurs 
under strongly acidic conditions, but not under typi- 
cal basic conditions. The acid-catalyzed cleavage of 
tertiary ethers occurs more readily than the cleavage 
of primary or methyl ethers because tertiary carboca- 
tion intermediates can be formed. 


Because of their ring strain, epoxides undergo ring- 
opening reactions with ease. For example, epoxides 
react with water to give glycols, ethylene oxide reacts 
with Grignard reagents to give primary alcohols, and 
other epoxides react with lithium organocuprate 
reagents to give secondary or tertiary alcohols. In 
acidic solution, a protonated epoxide preferentially 
reacts with nucleophiles at the tertiary carbon. Bases 
react with an epoxide at the carbon with fewer alkyl 
substituents, 


Ring-opening reactions of epoxides in either acid or 
base occur with inversion of configuration at carbon 
stereocenters. 


Glycols (1,2-diols) can be prepared from alkenes by 
treatment with OsO, followed by hydrolysis, by varia- 
tions of this reaction in which a catalytic amount of 
QsO, is used along with other oxidants, or by treat- 
ment with aqueous alkaline KMnO,. This stereospe- 
cific reaction results in a net syn-addition of two hy- 
droxy groups to the alkene double bond. 


T 
REACTION aene 
Guide and Solutions Manual. 


т Giycols can be oxidatively cleaved into two carbonyl 


compounds (aldehydes or ketones) by treating them 
with periodic acid. 


Oxonium and sulfonium salts react with nucleophiles 
in substitution and elimination reactions; oxonium 
salts are more reactive than sulfonium salts. S-Adeno- 
sylmethionine (SAM) is a sulfonium salt used in nature 
as a methylating agent. 


A number of intramolecular reactions are faster than 
their intermolecular counterparts because intramole- 
cular reactions have larger (less negative) А5°* values. 
The rate acceleration of an intramolecular reaction is 
characterized by the proximity effect, or effective mo- 
larity, which is the ratio of rate constants for the in- 
tramolecular and corresponding intermolecular reac- 
tions. Proximity effects due to А5°* differences can be 
as high as 10* M. 


Intramolecular nucleophilic substitution reactions are 
most common when the reaction forms three-, five-, 
and six-membered rings. 


Some nucleophilic substitution reactions are acceler- 
ated by neighboring-group participation. In these 
reactions, an unstable intermediate is formed rapidly 
because of the proximity effect, and that intermediate 
then reacts rapidly with an external nucleophile. Such 
reactions proceed with net retention of configuration 
because they involve two successive substitutions 
with inversion. 


Except for peroxide formation, which occurs on stand- 
ing in air, ethers are relatively inert toward oxidizing 
conditions. 


Sulfides are readily oxidized to sulfoxides and sul- 
fones. 


The three fundamental operations of organic synthe- 
sis are (1) functional-group transformation, (2) control 
of stereochemistry, and (3) carbon-carbon bond 
formation. 


For a summary of reactions discussed in this chapter, see Section R, Chapter HI, in the Study 
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ADDITIONAL PROBLEMS 


[1.44 


E145 


Draw the structure of each of the following. (Some 

parts may have more than one correct answer.) 

(a) a nine-carbon ether that cannot be prepared by the 
Williamson synthesis 

(b) a nine-carbon ether that can be prepared hy the 
Williamson synthesis 

(c) a four-carbon ether that would yield 


(h) (£)-3-methyl-3-hexene with Hg(OAc), in ethanol 
solvent followed by NaBH, 

(1) the product of (h) with acidic methanol 

(1) GO-3-methyl- I-bromopentane with concentrated 
HBr and H45O,. then with Mg in ether, then with 
ethylene oxide, then with CH,I 


| 4-diiodobutane after heating with an excess of HI 11.46 Give the products of the reaction of 2-ethyl- 
(d) an ether that would react with HBr to give propyl 2-methyloxirane (or other compound indicated) 
bromide as the only alkyl halide with each of the following reagents. 
(era four-carbon alkene that would give different gly- (a) water. H,O* (Б) water, NaOH, heat 
cols after treatment with alkaline KMnO, or treat- (c) Ма" CH,O" in CH,OH 
ment with meta-chioroperoxybenzoic acid followed (d) CH,OH and a catalytic amount of Н,50, 
by dilute aqueous acid (e) dilithium dimethylcyanocuprate, then Н,О` 
(f) a four-carbon alkene that would give the same glycol (Г) product of part (c) + HBr, 25 °C 
as a result of the different reaction conditions in (e) (g) product of part (d) + НВг, 25 °С 
(р) a diene (a compound with two double bonds) C,H, (h) product of part (c) + NaH, then СН] 
that can form only one mono-epoxide and two di- (1) product of part (d) + NaH, then CHCH- 
epoxides (counting stereoisomers} (1) product of part (a) + periodic acid 
(h) an alkene C,H, that would give the same glycol (К) product of part (e) + Mg in dry ether 
either from treatment with a peroxycarboxylic acid, (I) product of part (1) + ethylene oxide, then H,O” 
RUD MEET, Een an mona 11.47 Which of the ring-opening reactions given in 
| Fig. P11.47 should occur most readily? Explain. 
us pi ae ERDE E lemme ‘Siemans 11.48 Which of the ring-opening reactions given in Fig. 
ing reactions. Include stereochemistry where relevant. El Ай hci ent ъл dil? Explain. E 
(a) dibutyl sulfide with 1 equivalent of H,O, at 25 °C P | a 
(b) dibutyl sulfide with 2 or more equivalents of Н.О. — 1] 49. Explain how you could differentiate between the 
and heat compounds in each of the following pairs bv using 
(c) cis-3-hexene with magnesium monoperoxyphtha- simple physical or chemical tests that eive readily 
late (MMPP) observable results, such as obvious solubility differ- 
(d) the product of (c) with (CH;);CuC NLi.. then H,O+ ences, color changes, evolution of gases, or formation 
(e) the product of (c) with solvent H,O in acidic of precipitates. 
solution (a) 3-ethoxypropene and 1-ethoxypropane 
(0) the product of (e) with periodic acid (b) I-pentanol and 1 -methoxybutane 
te) rhe product of (d) with NaH in THF followed by (c) 1-methoxy-2-methylpropane and I-methoxy-2- 
Сну chloro-2-methyv propane 
(1) CH, 
б + Hu — oe, ee gH; 
(2) 
= / ` CHA - 
CH,OH + H,É— CH, ——* CHjO—CH;CH,—OH 
(3) 5 
CHOT 


A 
CH;OH + H,C—CH, CH,O— CH,CH.— 5H 


Figure P11.47 


11.50 


11.54 


P 


"I 


When HCl is formed as a bs -produet un тел, m is 
usually removed from reaction mixtures by neutraliza- 
tion Wilh aqueous hase; At times, however, the ise of 
base qs not кора with tlie products er conditions 
ofa reaction. [t has been Таши that props lene ме 
2-те loxirane i ean be used to remeve HC] quant- 


atiet, Explain sls this procedure works. 


“student has run the reactiens shown in Fig. PIILSI 
and is disapprsnted to find that each hus eben none of 


Ше desired product. Explain why each reaction failed. 


Tell whether cach of the Following compounds can be 
prepared by the reaction ol a Grignard reagent with 
ethylene oxide. If so; show the reaction; if not, explain 
why and give a different synthesis that uses a different 
epoxide starting material. 


(ar J-pentanel О» 1-pentanot 


For each of the following alkenes, state whether a reac- 
uon wit O&O, followed hy aqueous Ма 80 will give 
a racemie mixture of products that сап tun principle: be 
resolved into enantiomers under endinary conditions. 

iaredhylene— ibroeon-2-hutene 


peruna- 2-butene dili cs Z-pentene 


The (+ Stereoisomer er 2-2methyloesirane reacts with 
aqueaus NaO0H to gni e the CAR 7 1s erversomer ot 
|.2-propanediol Use this observation to propose the 
absolute stereochemical коиган ot t = pi 
methy losirane. 


Predict the absolute contiguration of the major 
dio] product formed by treatment of (8)- Z-ethyl- 
l-methytoxirane wilh матап the presence of an 


acid catalyst. 


am 9, 


Char 


| FON 
СПАН HC 41. 


A i 


{ү 
СОП =. A кык ж 
t 


"E 


Figure P11.48 


M CER BERCH CH Ве 
(b) 
HOCHEGCIH.Br 


ther 


Figure P11.51 


ss 


Nat aal EAT dip H sahen 


{) 
aly 2 
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11.56. Keeping in mind that many intramolecular reactions 
that Form six-membered rings are faster than compei- 
meg mtermolecular reactions (Sec. 10.7). prediet the 


product ol the reaction given in Fig. P1156 on n S31. 


When {38,45)-4-methoas -3-methiyI-1-pentene is 
reale with mercuric acetate in methanol solvent, then 
With NaBH. to isomerie compounds with the tor- 
mula C.H „О, are isolated. One. compound A, is opti- 
cally inactive; but the other. compound В, is opticalls 
пле. Cave the structures and absolute vonligurations 
iW both compounds. See Studs Guide Link 7.2.: 


You are à manager for a compans. Мет Matters, 
that specializes in the manutacture of organie on- 
pounds containing О, a heavy isotope of oxygen, You 
hine assigned the task of preparing ether B to a team ot 
Do Май experts, and vou have stipulated that aleohil 


A mist he used as a starting material 0 = Ок 


Кн, CH, 
AU i ы, x 
ЕЧ оа 


1 H 
A member ef your siat. Homer Flaskelamper, has pro- 
posed the Йом ine se possible syntheses and has 


come te sou for advice. 


ЄН, CH, 


| ~ ур КАНАТ К i cs 
НН | 


чъг 


{| 


MEE MIP 
"acu 


E: e zi 
T 


Which synthesis would vou advise Flashelamper to 


use and why" 


CELO — € HCH TECH. — tF 


ELECE LOC]; 


= HOCH.CHSCH;CHORH 
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11.59 Much each of the following four compounds with one 


11.60 


11.61 


of the compounds 4-72 on the basis of the following 
experimental Галх. Compounds A, В, and C are 
optically active; hut compound P 1s not, Compound C 
vives the same products ах compound Р on treatment 
with periodic acid, hut compound 7 gives a different 
product. Compound A does not react with periodie 
acd. 

(i r2, 383-2 4 dimethoxs - 1,3-butanediol 

121 mese | A-dimethoxy -2,3- butanediol 

(32607 - F4 dimethoxsy- 2, 3-butunediol 

Lp ORAR AA Adimethoxv- 1,2 hutanediol 


Complete the reactions given in Fig; PILOU by giving 
the principal organic products. Indicate the sereochem- 
sim ol the products in parts «di, tæn th). tij andiki. 


Outline à synthesis for each of the follis ing con- 
pounds from the indicated starting material and any 
other reagents. [АН chiral compounds should be pre 
pared as racemztes except in parts tk rand ifi] 

tab 2-ethexs -3-methylIhutane from 3-methisyl- 1-hutene 
tbi 2-ethosa -2-meths Ibutane trom 2-meihsl- 2-buranol 
icr 4 -dimeths J- E-penranol trom ethylene oxide 

(d Q 


а 9 ССС, fram compounds 
vontainimg x 2 carbons 


nz 
e HO qu 


trom an alkene 


ТЕ 
EAT 


OH 


TE irom an alkene 


її evelohexyl isoprops! ether from evelohesxene 
Ih) (CH CHCH.CH.CEH CH=O from 3 methyl- 


| -Putete 


ИЕДИ, | 


CHCCHOCH, rom 3-meths l- I-pentene 


/ 
HC 
[qa QUH-CH, 
11.4: | ClI—4 from 2-methsiprepene 
CH. 


б 


11.63 


| 1.64 


the HaC » C1] 017 


. 


[rom 
патта 
pure 


idi L} 


ia 
u^ 


enmantiomerialls 
pure 


CHLOH 


м 


[rom 


Outline a synthesis For each of the fellow ing von- 
pounds in stereochemically pure form from enan- 
uemeriealls pare (IRAR i2, 5i methy loxirane: 
(a) (2R.383- 3-immethoxy - 2- hutaric] 


thi Cs (1 
| 
АСПА Co Cad, 
(С) C- Hp 43 OCH 
| 
(OR 3S CH CH — CEICH, 
idi (1450) co 
| 
E38 3G Ны. «АС 


Compound А. С.Н. undergoes catalytic hydregena 
tion to give лагы. When treated with metad- 
chloroperoxyhenzetc acid. A gives an epoxide В, 
which, when treated with aqueous acid, ees а com- 
pound €. COA. 0. which can be resolved into gnan- 
tomers. When Aas treated with OsO, followed bs 
aqueous МНО, an achiral compound Ра slercoisa- 
mer of C1 forms. Identify all coampounds. including 


sIereechemistry where appropriate. 


An alternulive to the ozonolysis of alkenes ts to treat 
an alkene with pee molar equivalents af periodie acid 
and a catalytie amount of sd, 

(a) Explain the role of each reagent in the reaction 
shown in Fig. PL 1.64 on p. 532. Your explanation 
should account for the fact that fee molar equiva- 
lenis of periodic acid are required. 


(hr Complete the following reaction. 
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CH, 
= = — Р - Hei Guach Nabil ' 2 
HOCH;CH;CCH;CH — CH; Е ae a compound with the formula СНО 
CH, 


Figure P11.56 


“ы “tp at x 
(a) CH,CH;CH;— Br + Nat С,Н:О CHOH 


(b) СН, 
EP = ъч y 
H.C с ВСС —0- KY а 
COH; 


i 1 : i Harj i} ch M 
C—CH—CH,-'(CH;CH—0H — ЗЬ. Нш 


K (solvent) 
Hat 


(di C] 


à tEh 
(€) H.C—CH=CH, + ЊО + Br, —= — 

£ м : pyridine 
(Г) О 


BrCH,CH,CH,— HC — CH; + HIO, ET Rd 


(Hint: Periodic acid, HIO,. is a fairly strong acid.) 


(g) H H 
C=C О 
/ ЖЕ ” K | | EKMnt, "OH 

CH,(CH,),CH, | CH4CH;4CH;—C— OH = 
oleic acid 
(h) ka- Hm i j Кен 
O + М №, ж D + Li(CH45CuCN THE ^ 

sodium azide 


isee Table 9,21 


(1) CICH;CH;CH;CH.CI + NaS SS а compound with the 
[a polar apratic formula CaHgs 
solvent! 


aa 
sim 


(Hint: Think of Na,S as 1577) 
(К) OH ОН 


NE NaOH 
meso-CH CH — CHCH, + nc оза pyridine = 


(d equiy! 
Figure P11.60 
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11.65 Give the structures of all epoxides that could in princi- 
ple be formed when each of the following alkenes re- 
acts with meta-chloroperox ybenzoic acid (mCPBA). 
Which epoxide should predominate in each case? 


Why? 
(a) cis-4.5-dimethyleyclohexene 


(b) CH, 


11.66 When CH4CH;SCH;CH;SCH;CH; reacts with two 
equivalents of CH,I, the following double sulfonium 
salt precipitates: 


CH, CH, 


CH,CH,—$—CH;CH;—$—CH;CH, 217 
+ + 

(a) Give a curved-arrow mechanism for the formation 
of this salt. 

(b) Upon closer examination, this compound is found 
to be a mixture of two isomers with melting points 
of 123-124 °C and 154 °C. respectively. Explain 
why rwo compounds of this structure are formed. 
What is the relationship between these isomers? 
(Hint: Unlike amines, sulfonium salts do nor un- 
dergo rapid inversion at sulfur.) 


11.67 When the naturally occuring amino acid (5)-methion- 
ine (see Eq. 11.71. p. 5193 is converted into methion- 
ine sulfoxide, two isomers with different physical 
properties are formed. What are their structures and 
what is their stereochemical relationship? 


11.68 One of the side reactions that occur when epoxides 
react with OH is the formation of polymers. Propose 
a mechanism for the following polymerization reac- 
поп. using the curved-arrow notation. 
О | CH, 
-DH 


j^ 
nH,C—CH—CH;, 


O—CH—CH, 


H.C . OW 


^, Р, 
x / {catalytic amount) 

ы y 

==» + Н.Н. ——————— 
£C ) Н Н: 


Figure P11.64 


11.69 (a) Give a curved-arrow mechanism For the reaction 
shown in Fig. P11.69, Be sure your mechanism 
indicates the role of the weak acid ammonium 
chloride. 

(b) The corresponding reaction of epoxides with azide 
ion does not require ammonium chloride. (See 
Problem I 1.60h.) Why does the reaction of an 
aziridine require this weak acid? (Hint; The pK, af 
an amine RNH, is about 32.) 

(d) The pK, of ammonium ion is 9.25; the conjugate- 
acid pK, of an aziridine is about 7; and the pK, of 
HN, is 4.2. A student has suggested that dilute 
(0.01 M) HC! should be an even better catalyst. 
Critique this suggestion. 


11.70 The drug mechlorethamine 15 used in antitumor therapy. 
CH; 
CI—CH;CH;,—N —CH;,CH,—Cl 
mechlorethamine 


It is one of a family of compounds called 

nitrogen mustards, which also includes the antitumor 

drugs cyclophosphamide and chlorambucil. 

(a) Mechlorethamine undergoes a nucleophilic 
substitution reaction with water that is several thou- 
sand times faster than the nucleophilic substitution 
reaction of 1,5-dichloropentane. Give the product 
of the mechlorethamine reaction and the mecha- 
nism for its formation. 

(b) lt is theorized that the antitumor effects of 
mechlorethamine are due to its reaction with cer- 
tain nucleophiles in the body. What product would 
you expect from the reaction of mechlorethamine 
and a general amine R,N:? 


11.71 In each of the following pairs, one of the glycols is vir- 
tually inert to periodate oxidation, Which glycol is 
inert? Explain why. (Hint: Consider the structure of 
the intermediate in the reaction.) 


(a! 
or 
(CHC (CHa hE 
A B 
HAC 
C=O-4+0 + 2H,IO, 2H.G 
H.C 
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ethanol. Another is about 20,000 times faster im pure 
ethanol than it is in pure water. The rate of the third 
changes very little when the solvent composition is 
changed from ethanol to water, Which of the reactions 


is faster in ethanol, which is faster in water, and which 
has a rate that is solvent-invariant? Explain. The solvent 


А В ) y : 
(ethanol, water. or a mixture of the two) in the following 
equations is indicated by ROH. (Hint: Notice the differ- 
11.72 Account for the following observations with а mecha- ence in dielectric constants for ethanol and water in 
nism. (Refer to Fig, P11.72.) Table 8.2 on p. 341.) 
(1) In 80% aqueous ethanol, compound A reacts to 
give compound В. Notice that rrans-B is the only 11.75 Give a curved-arrow mechanism for each of the con- 
slereoisomer of this compound that is formed. versions shown in Fig. P11.75 on p, 534. 
(2) Optically active A gives completely racemic В. Hint: The structure of the product in part (c) of Fig. 
(3) The reaction of A is about 10° times faster than the P11.75 can also be redrawn as follows: 
analogous substitution reactions of both its S 


stereoisomer C and chlorocyclohexane. 


[1.73 Provide a curved-arrow mechanism for each of the re- 
actions in Fig. P11.73 that accounts for the stereo- 
chemical results. Show the structure of the unstable in- 


termediate in each case and explain why it 1s unstable. [1.76 (a) As shown in Figure PIH1.76(a) on p. 535. 
|.5-cvclooctadiene undergoes an electrophilic addi- 
11.74 One of the reactions given in Fig. P11.74 on p. 534 is поп with SCI, to give compound A. (Notice the con- 
about 2000 times faster in pure water than it is in pure formation of A, also shown.) Provide a curved-arrow 


NH + ма Му + НО T» + Nat COH 
sodium azide 
an aziridine (see Table 9.2, 
р. ARS) 


Figure 11.69 


SPh SPh SPh 
cl OCH, 
» = 


A В 


Figure P11.72 


(al E = 
Hace з; 
H + CHOH —» 


i solvent! 


СІ 


(В) 


ан 
ul 


+ CHOH ж : 


(solvent! 


CI 


Figure P11.73 
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mechanism for this transformation that accounts for 11.77 Each of three bottles, Jabeled respectively A, B, and C, 
the stereochemistry. (Hint: Start with a simple elec- contains one of the compounds given in Fig. P11.77. 
irophilic addition of SCI, to one double bond.) On treatment with KOH in methanol, compound A 

(b) Suggest a mechanism that accounts for the reaction gives no epoxide, compound B gives an epoxide D, 
of A shown in Fig. P11.76(b). and compound C gives an epoxide E. Epoxides 2 and 


CH;— OH + (CH; 
(52 reaction] 


І ўчы 
шна + "OH. —— 


(solvent! El (Sx1 reaction) 


(2(CH4,C—Cl + R—OH — rdi —»— (CH;);C—OR + НСІ 


+ + 
(3) (CH,)sC-—S(CH,;}, + ROH —= [(CH,},Ct] —= (CHj,4C—OR + ROH, 


(solvent) + 8(CH;); {Syl reaction] 
Figure P11.74 
(a) ү? О) 
SE ма a (CH4,C —CH—CH.Br 
СН; 
(b) O 


dS 
Com trace OH“ Dai 
OH O^ *CH,OH 
(С) Н 5 
"рсе ды. Nat СНОС. „Рэ + CHjOH + Na* “OTs 
H 


(d) А OH OH CH, 
ES (CHiGCO" Kt 
H,C—CH—C(CH), = H,C—CH—C(CH4), + H;C—CH—C=CH, 
(80% } (1596) 
(el = 
(a strong acid) 5 
5 "OSCGOSCF, 
TE о, HO CH,CN 
"a С—С. Ма CN „ссн 
^H e Ne ОН tetas н” 
CH,CH; H CH,CH: OH 
(8) PhCH,—S CH; $— CH,Ph 
H;C—C—CH;—CH—CH, — te H;C—C—CH;—CH—CH 
CH, OTs OCH, 


(57% yield) 


Figure Р11.75 


[1.78 


E are stereoisomers. Under identical conditions, С 
gives E much more slowly than B gives D. Identify A, 
B, and C. and explain all observations. 


Two of the compounds given in Fig. P11.78 form epox- 
ides readily when treated with СОН, one forms an epox- 


ide slowly, and one does not form an epoxide at all. 
Identify the compound(s) in each category and explain. 


iul 


1,5-cyclooctadiene 


ib) C] 
^U 10 7C. 
+ ZNA N; HO 
sodium azide 
E (see Table 9.2, 
C] p. 385) 
A 


Figure P11.76 
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11.79 (a) Account for the stereochemical results in the reac- 
tion in Fig. P11.79(a) with a mechanism. (Hint: 
See Study Problem. 11.6 on p. 516.) 
(b) What stereochemical result would you expect if the 
(25,35)-stereoisomer of 3-bromo-2-butanol under- 
goes the same reaction? 


С cl 
У / 
р US Cl 
Cl : 


А conlormation of А 


Na 


+ Ма Cl” 


М, 


п! OH „ОН 
(CH:hC a (CH; hE” in e) (CHC А Es 


(11 


Figure P11.77 


Figure P11.78 


(а) OH 
| 


Br 


| 
(25,3R)-CH,CHCHCH, + HBr ——» mieso-CH,CHCHCH, + H,O 
| 


| 
Br 


(25,3 R)-3-bromo-2-butanol 


Figure P11.79 


Br 


meso-2,3-dibromobutane 
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Introduction to 
Spectroscopy. 
Infrared Spectroscopy 
nd Mass Spectrometry 


Until this point in our study of organic chemistry. we have taken for granted that when a product 
of unknown structure is isolated from a reaction, it 15 possible somehow to determine its strug- 
ture. At one time the structure determinations of many organic compounds required elaborate 
and laborious chemical-degradation studies. Although many of these proofs were ingenious. 
they were also very time-consuming, required relatively large amounts of compounds. and were 
subject to a variety of errors. In relatively recent years, however, physical methods have become 
available that allow chemists to determine molecular structures accurately, rapidly. and nonde- 
structively. using very small quantities of material. With these methods it is not unusual for a 
chemist to do in 30 minutes or less a proof of structure that once took a year or more to perform! 
This chapter and Chapter 13 are devoted to a study of some of these methods. 


INTRODUCTION TO SPECTROSCOPY 


Fundamental to modern techniques of structure determination is the field of spectroscopy: the 
study of the interaction of matter and light (or other electromagnetic radiation). Spectroscopy 
has been immensely important to many areas of chemistry and physics. For example. much of 
what is known about orbitals and bonding comes from spectroscopy. But spectroscopy is also 
important to the laboratory organic chemist because if can be used to determine unknown mol- 
ecular structures. Although this presentation of spectroscopy will focus largely on its applica- 
lions. some fundamentals of spectroscopy theory must be considered first. 


A. Electromagnetic Radiation 


Visible light is one type of electromagnetic radiation. Electromagnetic radiation is a form of 
energy that propagates ак a wave motion through space at a characteristic velocity (the "speed 
of light"). Other common forms of electromagnetic radiation are X-rays: ultraviolet radiation 
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wave amplitude 


distance 


Figure 12.1 Definition of wavelength. The wavelength А is the distance between successive peaks or successive 
troughs of a wave. 


(UV, the radiation from a tanning lamp); infrared radiation (IR, the radiation from a heat 
lamp); microwaves (used in radar and microwave ovens): and radiofrequency waves (rf, used 
to carry AM and FM radio and television signals). 

The various forms of electromagnetic radiation are all waves that differ in their wave- 
lengths. The wavelength A of a conventional sine or cosine wave 15 the distance hetween sug- 
cessive peaks or successive troughs in the wave (Fig. 12.1). For example, red light has 
А = 6800 А and blue light has А = 4800 A. Ultraviolet light has a smaller wavelength than 
blue light, and microwaves have a much greater wavelength than visible light. 

Closelv related to the wavelength of a wave 1s its frequency. The concept of frequency is 
necessary because electromagnetic waves are not stationary, but propagate through space with 
a characteristic velocity c. The frequency of a wave is the number of wavelengths that pass a 
point per unit time when the wave is propagated through space. The frequency » of any wave 
with wavelength A is 

o £ 

"OA 

in which c = the velocity of light = 3 х 10* ms '. Because A has the dimensions of length, r 

has the dimensions of s^. a unit more often called cveles per second (cps), or hertz (Hz). For 
example, the frequency of red light ts 


‚- (Eta e gs A) 
6300 A m 


=i x 10 s = a x 0" Hz (12.2) 


This means that 4.4 x LO wavelengths of red light pass a given point in one second. 


PROBLEM | 
| PROBLEM | 12.1 Calculate the frequency of 


(a) infrared light with А = 9 x 107°m (b) blue light with A = 4800 A 


Although light can he described as a wave, it also shows particlelike behavior. The light 
particle is called a photon. The relationship between the energy of a photon and the 
wavelength or frequency of light is a fundamental law of physics: 


hic 
Eus m (12.3) 
А 


In this equation, A is Planck's constant. Planck’s constant is а universal constant that has the 
value 


h = 6.625 X 1077 erg s = 6.625 X 107 Js (12.4) 
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ror a mole of photons, Planck's constant has the value 
h= 399x [0T k] smol) — or — 33 x 107 t keal s mol"! (12.5) 


Equation. 12.3 shows that fle energy, frequency and wavelength of eleviromagnetio radiation 
are mrerrelated. Thus, when the trequencey or wavelength of electromaegnetie radiation is known, 
Its energy Is also known. 

The total range of electramagnelie radiation is called the efectromagnenie spectra. The 
үре of radiation within the electromagnetic spectrum are shown in Fig, 12.2. Note that the fre- 
quenes and energy increase as the wavelength decreases. 1n aecordanee with Eqs. 12.1] and 12.3. 


Alf electromagnetic radiation is fundamentally the минет the vartous forms differ in energy. 


PROBLEMS | 
| PROBLEMS | 12.2 Calculate the energy in kJ то! of the light described in 


(a) Problem 12.1(a) (b) Problem i2.1(h} 
12.3 Use Figure 12.2 to answer the following questions. 


(a) How does the energy of X-rays compare with that of blue light (greater or smaller)? 
(b) How does the energy of radar waves compare with that of red light (greater or smaller!? 


Absorption Spectroscopy 


The most common type of spectroscopy used for structure determination is ePserption spet- 
troscopy, The busts of absorption spectroscopy is that matter can absorb energy fram electro- 
magnetig radiation, and zie emounm of absorption i a function of the wavelength of the Рас 
utíon used. in an absorption spectroscopy experiment. the absorption of electromagnetic 
radiation is determined as a function of wavelength. frequency. or energy in an instrument 
called a spectrophotometer or spectrometer. The baste idea of an absorption spectroscopy 
experiment 1% shown schematically in Fig. 12.3. The experiment requires, first, a severe of 
electromagnetic radiation, ОЕ the experiment measures the absorption of visible light, the 
source Could be a common light bulb The material to be examined, the sempe; is placed in 
the radiation beam. A defector measures the intensity of the radiation thal passes through the 
sample unabsorbed: when this intensity 18 subtracted from the intensity of the source. the 
amount of radiation absorbed by the sample is known. The wavelength of the radiation falling 
on the sample is then varied. and the radiation absorbed at each wavelength is recorded as a 
graph of either radiation transmitted or radiation absorbed versus wavelength or frequency. 
This graph is commonly called a spectrum of the sample. 

The infrared spectrum of the hydrocarbon nonane. CH4 CH«-CH,, is an example of such a 
graph. This spectrum is shown in Fig. 12.4 on p. 540. This spectrum is a plot of the radiation 
transmitted by а sample of nonane over a range of wavelengths in the infrared. (You ll learn 
how to interpret such a spectrum in more detail in the next section. ? 


An Everyday Analogy to a Spectroscopy Experiment 


You don't need experience with a spectrophotometer to appreciate the basic idea of a spectroscopy 
experiment. Imagine holding a piece of green glass up to the white light of the sun. The sun is the 
source, the glass is the sample, your eyes are the detector, and your brain provides the spectrum. 
White light is a mixture of all wavelengths.The glass appears green because only green light is trans- 
mitted through the glass; the other colors (wavelengths) in white light are absorbed. If you hold the 
same green glass up to red light, no light is transmitted to your eyes—the glass looks black—be- 
cause the glass absorbs the red light. 
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Figure 12.2 The electromagnetic spectrum. (a) The various forms of electromagnetic radiation as a function of 
energy (red scale, red ticks), frequency (black scale, black lines), and wavelength (blue scale, blue ticks). The wave- 
lengths are compared with the lengths of various objects (blue italics). Notice the inverse relationship of wave- 
length with both energy and frequency; that is, longer wavelengths correspond to smaller energies and frequen- 
cies, as Eq. 12.3 indicates. (b) The range for visible light is expanded, and the numbers are the approximate 
wavelengths of the different colors in nanometers. (A nanometer is 107° meter.) 
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Figure 12.3 The conceptual absorption spectroscopy experiment. Electromagnetic radiation of a certain wave- 
length from a source is passed through the sample and onto a detector. If radiation is absorbed by the sample, the 
radiation emerging from the sample has a lower intensity than the incident radiation. A comparison of the inten- 
sities of the incident radiation and the radiation emerging from the sample tells how much radiation is absorbed 
by the sample.The spectrum is a plot of radiation absorbed or transmitted versus wavelength or frequency of the 
radiation. 
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Figure 12.4 Infrared spectrum of nonane.The light transmitted through a sample of nonane is plotted as a func- 
tion of wavelength (upper horizontal axis) or wavenumber (/ower horizontal axis). (Wavenumber, which is propor- 
tional to frequency, is defined by Eq. 12.6 in Sec. 12.2А.) Absorptions are indicated by the inverted peaks. 


A very important aspect of spectroscopy for the chemist is that te spectrum of a compound 
is a function of its structure. For this reason, spectroscopy can be used for structure determi- 
nation. Chemists use many types of spectroscopy for this purpose. The three types of greatest 
use, and the general type of information each provides, are as follows: 


|. Infrared (IR) spectroscopy provides information about what functional groups are pre- 
sent. 

2, Nuclear magnetic resonance (NMR) spectroscopy provides information on the number, 
connectivity, and functional-group environment of carbons and hydrogens. 

3. Ultraviolet-visible (UV—vis) spectroscopy (often called simply UV spectroscopy) pro- 
vides information about the types of 7-electron systems that are present. 


These types of spectroscopy differ conceptually only in the frequency of radiation. used. 
although the practical aspects are quite different. A fourth physical technique. mass spectrom- 
etry, which allows us to determine molecular masses, is also widely used for structure deter- 
mination. Mass spectrometry is not a type of absorption spectroscopy and is thus fundamen- 
tally different from NMR, IR, and UV spectroscopy. 

The remainder of this chapter is devoted to a description of IR spectroscopy and mass spec- 
trometry. NMR spectroscopy is covered in Chapter 13 and UV spectroscopy in Chapter 15. 


INFRARED SPECTROSCOPY 


A. The Infrared Spectrum 


An infrared spectrum, like any absorption spectrum, is a record of the light absorbed by a sub- 
stance as a function of wavelength. The IR spectrum is measured in an instrument called an 
infrared spectrometer, described briefly in Sec. 12.5. In practice, the absorption of infrared ra- 
diation with wavelengths between 2.5 X 107° and 20 x 107° meter is of greatest interest to 
organic chemists. Let's consider the details of an IR spectrum by returning to the spectrum of 
nonane in Fig. 12.4. 
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leeximine this spectrum. The quantity plotted. on the lower hortzontal axis is the 
wavenumber z of the Hehi. The wavenumber is simpl the inverse of the wavelength: 
o 
p (E26 
А 
In this equation. the unit ob wavelength is the meter. and the unit of wavenumber is therefore 
m or reciprocal meter. Physically. the wavenumber is the number of wavelengths contained 
Wane meter. [n TR spectrescops. the conventional unit of wavelength is the ион ер A mi- 
crometer, abbreviated gam. is 107" meter, The conventional unit for the wavenumber in IR 
SDectroscopy IS reciprocal ceentimeters or averse ceitiiieters bom. To apply Eq. 12.6 with 
these units. we must include the conversion factor 105 im em ^l. In conventional units, then. 
Eq. 12.6 becomes 
б 0407 mem! 


| = ста) 
А tum) 


I0^ um em”) 


u | 


ПЕЧЕ 


Adm) = (12.7h) 

The micrometer and the reciprocal centimeter are the units used in Fig. 12.4. The wasenum- 
ber of the infrared radiation in em?! is plotted on the lower horizontal axis. and the wavelength 
Ht im is plotted on the upper horizontal axis. (The sertteal lines in the gri correspond to the 
wavenumber scale.) Thus, acconding te bq. 123.73. a wavelength of [0 im corresponds to i 
wavenumber of 1000 em ^, Notice in Pig. 12.4 that 10 m and 1000 em ^ correspond 10 the 
sume point on the horizontal axis. 

Notice also in Fig. 12.4 that wavenumber. across the bottom of the spectrum, increases to 
the feft: wasclenyth, across the top of the spectrum. inercases ta 1he right. Finally. notice that 
the wavenumber scale is divided into three distinct regions in which the bogar seule às differ- 
ent; the changes in scale occur at 2200 cim ^! and 1000 стт. 

The relationships among wavenumber, energy. and [requenes ean be derived by combining 
Fus. 12,1 and 12,3 with Eq. 12.6. the definition of wavenumber, 


p= oT (12.8) 


E = ри = = (12.9) 
А 

(These equations must be used with consistent units. such as А in m. P in mJ, and cin m si 
According to Eg. 12.8, the fregueney ic and the wavenumber ғ are proportional. Because of 
this proportionality. vou will often hear the wavenumber loosely referred lo ах a frequency. 
Now lets consider the vertiesl axis of ig. 12.4. The quantis. plotted on the vertical axis 

Is percent генле percent of the radiation taling on the sample that is transimi- 
ted to the detector, I the sample absorbs all of the radiation. then none is transmitted, and the 
«ample has 05€ transmittunce. [f£ the sample absorbs no radiation. then all of the radiation is 
transmitted, and the sample has 1002 transmittinee. Thus, absorptions m ihe IR spectrum are 
registered as downward detlections- -thal ts. “upside-down peaks. From Fis. 12.4. you can 
see that absorptions in the spectrum of nonane occur at about 2850. 2980, 1470, 1380. and 
720 em". The presentation of peaks in upside-down fashion is largely tor historical reasons; 


that is, early instruments produced data that were most eom entently plotted this was, and the 
practice simply hasn't changed. In other forms of spectroseops. absorptions are presented as 
upward deltections, 

Sometimes an IR. spectrum is not presented in graphical form, bul is summarized com- 
pleich or in. part using descriptions of the рохн of major peaks. Intensities are often 
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5. 
expressed qualitatively using the designations vs (very strong), s (strong), m (moderate), or 
w (weak) Some peaks are narrow (or sharp, abbreviated sh), whereas others are wide 
(or broad, abbreviated br). The spectrum of nonane can be summarized as Follows: 


P(cm^!y: 2980-2850 (5); 1470 (тп); 1380 (п): 720 (w) 


PROBLEM | T Xm : 
12.4 (a) What is the wavenumber (in em" ) of infrared radiation with a wavelength of 6.0 дт? 


(b) What is the wavelength of light with a wavenumber of 1720 ст”? 


Physical Basis of IR Spectroscopy 


The interpretation of an IR spectrum in terms of structure requires some understanding of why 
molecules absorb infrared radiation. The absorptions observed in an IR spectrum are the result 
of vibrations within a molecule. Atoms within a molecule are not stationary, but are constantly 
moving. Consider, for example, the С— Н bonds in a typical organic compound. These bonds 
undergo various oscillatory stretching and bending motions. called bond vibrations. For ex- 
ample, one such vibration is the C—H stretching vibration. A useful analogy to the C—H 
stretching vibration is the stretching and compression of a spring (see Fig. 12.5). This vibra- 
tion takes place with a certain frequency » that is, it occurs a certain number of times per sec- 
ond. Suppose that a C—H bond has a stretching frequency of 9 x 10° times per second: this 
means that it undergoes a vibration every 1/(9 X 10'*) second or every 1.1 X 10^" second. 

The blue line in Fig. 12.5 shows that the stretching of the C—H bond over time describes 
a wave motion. It turns out that a wave of electromagnetic radiation can transfer its energy to 
the vibrational wave motion of the C—H bond only if there is an exact match between the 
frequency of the radiation and the frequency of the vibration. Thus, if a C—H vibration has 
a frequency of 9 x 10" 871, then it will absorb energy from radiation with the same fre- 
quency. From the relationship A = c/p (Eg. 12.1), the radiation must then have a wavelength 
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Figure 12.5 Chemical bonds undergo different types of vibrations. The one illustrated here is a stretching 
vibration. The bond, represented as a spring, is shown at various times. The bond stretches and compresses over 
time. The time required for one complete cycle of vibration is the reciprocal of the vibrational frequency. 
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of A= (3 X 10% ms7')/69 x I0? s7) = 3.33 X 107° m = 3.33 шт. The corresponding 
wavenumber of this radiation (Eq. 12.7a) is 3000 стт, When radiation of this wavelength 
interacts with a vibrating C— H bond. energy is absorbed and both the frequency and the in- 
tensity of the bond vibration increase. That is, after absorbing energy, the bond vibrates with 
a greater frequency (actually, twice the frequency) and with a larger amplitude (a larger 
stretch and tighter compression; Fig. 12.6). This absorption gives rise to the peak in the IR 
spectrum. Eventually, the bond returns to its normal, less intense, vibration, and when this 
happens, energy 1s released in the form of heat. This is why an infrared "heat lamp" makes 
your skin feel warm. | 


An Analogy to Energy Absorption by a Vibrating Bond 

Imagine a weight suspended from your finger by a rubber band. (Ап unopened 12-ounce can of 
soda suspended by its pull-tab works nicely in this demonstration.) If you move your finger up and 
down very slowly, the soda can scarcely moves. However, if you increase the rate of oscillation of your 
finger gradually, at some point the soda can will start to move up and down vigorously. The motion 
ofthe soda can will decrease as you move your finger more rapidly.The motion of your finger is anal- 
ogous to electromagnetic radiation, and the rubber band-soda can combination is analogous to 
the vibrating bond.Energy is absorbed from the motion of your finger by the rubber band-soda can 
oscillator only when its natural oscillation frequency matches the oscillation frequency of your fin- 
ger. Likewise, a vibrating bond absorbs energy from electromagnetic radiation only when there is a 
frequency match between the two oscillating systems. 


in summary: 


1. Bonds vibrate with characteristic frequencies. 
2. Absorption of energy from infrared radiation can occur only when the wavelength of the 
radiation and the wavelength of the bond vibration match. 
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Figure 12.6 Light absorption by a bond vibration causes the bond (shown as a spring) to vibrate with larger am 
plitude and twice the frequency. The frequency of the light must exactly equal the frequency of the bond vibra- 
tion for absorption to occur. (The increase in amplitude is greatly exaggerated for emphasis.) 
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PROBLEMS 
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12.5 Given that the stretching vibration of a typical C—H bond has a frequency of about 9 х 10" 
s^ !, which peak(s) in the IR spectrum of nonane (Fig. 12.4) would you assign to the C—H 
stretching vibrations? 

12.6 The physical basis of some carbon monoxide detectors is the infrared detection of the unique 
С==О stretching vibration of carbon monoxide at 2143 cin" '. How many times per second 
does this stretching vibration occur? 


- + 
€C =O: 


carbon monoxide 


INFRARED ABSORPTION AND CHEMICAL STRUCTURE 


Each peak in the IR spectrum of a molecule corresponds to the absorption of energy by the vi- 
bration of a particular bond or group of bonds. IR spectroscopy is useful for the chemist be- 
cause in alf compounds, a given type of functional group absorbs in the same general region 
of the IR spectrum. The major regions of the IR spectrum are shown in Table 12.1. 

The IR spectrum of a typical organic compound contains many more absorptions than can 
be readily interpreted. A major part of mastering IR spectroscopy is to learn which absorptions 
are important. Certain absorptions are diagnostic; that is. they indicate with reasonable cer- 
tainty that a particular functional group is present. For example. an intense peak in the 
1700-1750 cm"! region indicates the presence of a carbonyl (C—O) group. Other peaks are 
confirmatory; that is. similar peaks can be found in other types of molecules, but their presence 
confirms a structural diagnosis made in other ways. For example, absorptions in the 1050—1200 
cm”! region of the IR spectrum due to a C—O bond could indicate the presence of an alcohol. 
an ether, an ester, or a carboxylic acid, among other things. However, if other evidence (perhaps 
obtained from other types of spectroscopy) suggests that the unknown molecule is. say. an 
ether, a peak in this region can serve to support this diagnosis. In the sections that follow, you'll 
learn about the relatively few absorptions that are important in IR spectroscopy. 

Rarely if ever does an ІК spectrum completely define a structure: rather. it provides infor- 
mation that restricts the possible structures under consideration. Once the structure for an un- 
known compound has been deduced. а comparison of its IR spectrum with that of an authentic 
sample can be used as a criterion of identity. Even subtle differences in structure generally give 
discernible differences in the IR spectrum, particularly in the region between 1000 cm"! and 
1600 cem’. This point is illustrated by the superimposed IR spectra of the two diastereomers 
cis- and rramnms-1.3-dimethylcyclohexane (Fig. 12.7). The greatest differences between the two 


Regions of the Infrared Spectrum 


Wavenumber range, cm ' Type of absorptions Name of region 
3400-2800 O—H, N—H, C—H stretching р 
2250-2100 С==М,С==С stretching Functional group 
1850-1600 C-——O,C—N,C—C stretching 
1600-1000 с—сс—0, C—N stretching; | барагын 
various bending absorptions 


1000-600 C—H bending C—H bending 


$ 


Further Exploration 12.1 
The Vibrating Bond 
in Quantum Theory 
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Figure 12.7 Comparison of the IR spectra of the cis (red) and trans (blue) stereoisomers of 1,3-dimethylcyclo- 
hexane, Although these spectra are very similar, discernible differences between them occur in the fingerprint 
region. 


spectra occur in this region of the spectrum. (That these spectra are different is another illus- 
tration of the principle that diastereomers have different physical properties.) Even though ab- 
sorptions in this region are generally not interpreted in detail. they serve as a valuable “mole- 
cular fingerprint." That is why this region of the spectrum is called the "fingerprint region" їп 
Table 12.1. 


Factors That Determine IR Absorption Position 


One approach to the use of IR spectroscopy is simply to memorize the wavenumbers at which 
characteristic functional group absorbances appear and to look for peaks at these positions in 
the determination of unknown structures. However, you can use IR spectroscopy much more 
intelligently and learn the important peak positions much more easily if you understand a lit- 
tle more about the physical basis of IR spectroscopy. Two aspects of IR absorption peaks are 
particularly important. First is the position of the peak —the wavenumber or wavelength at 
which it occurs. Second is the intensity of the peak—how strong it is. Let's consider each of 
these aspects in turn. 

What factors govern the position of IR absorption? Three considerations are most 
important. 


1. strength of the bond 
2. masses of the atoms involved in the bond 
3, the type of vibration being observed 


Hooke's law, which comes from the treatment of the vibrating spring by classical physics, 
nicely accounts for the first two of these effects. Let two atoms with masses M and m, respec- 
tively, be connected by a bond, which we'll treat as a spring. The tightness of the spring (bond) 
is described by a force constant, кї the larger the force constant. the tighter the spring, or the 
stronger the bond. 


a spring (bond) with 


a force constant к 


mass M - UII mass Hn 
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Study Problem 12.1 


The following equation describes the dependence of the vibrational wavenumber on the 
masses and the force constant: 


l kim +M) 
Herai m (12.10) 
Before we use this equation, let's ask what our intuition tells us about how bond strength 
affects the vibrational frequency. Intuitively, a stronger bond corresponds to a tighter spring. 
That is, stronger bonds should have larger force constants. Objects connected by a tighter 
spring vibrate more rapidly—that is, with a higher frequency or wavenumber. Likewise, atoms 
connected by a stronger bond also vibrate at higher frequency. A simple measure of bond 
strength is the energy required to break the bond, which is the bond dissociation energy (Table 
5.3 on p. 213). It follows, then, that the higher the bond dissociation energy, the stronger the 
bond. Thus, the IR absorptions of stronger bonds—bonds with greater bond dissociation en- 
ergies—occur at higher wavenumber. Studv Problem 12.1 illustrates this effect. 


The typical stretching frequency for а carbon-carbon double bond is 1650 cm" '. Estimate the 
stretching frequency of a carbon-carbon triple bond. 


Solution Use Eq. 12.10. We are given Ё for a double bond, which we'll call F, and we're 
asked to estimate v,, the stretching frequency of the triple bond. Let the force constant for a dou- 
ble bond be к,, and that of a triple bond be «,. Now take the ratio of Р, and Р, as given by 


Eq. 12.10: 
= rs (12.11) 


АП of the mass terms cancel because they are the same in both cases—the mass of a carbon atom. 
We could complete the prohlem if we knew the force constants, but these aren't given. Let's apply 
some intuition. As we just learned, force constants are proportional to bond dissociation energies. 
We could look these up in Table 5.3, but let's simply assume that the relative strengths of triple 
and double bonds are in the ratio 3:2. If this were so. then Eq. 12.11 becomes 


р... DET 12.12 
MN camo bbe ha) 


With Р, = 1650 cm™', we then estimate 7, to be (1.22)(1650 cm) = 2013 ст^!. 
How close are we? See for yourself by jumping ahead to Fig. 14.4, p. 650, which shows the 
C=C stretching absorption of an alkyne. 


Now let's consider the effect of mass on the stretching frequency of a bond. Eq. 12.10 also 
describes this effect. However, a special case of this equation is very important. Suppose the 
two atoms connected by a bond differ significantly in mass (for example, a carbon and a hy- 
drogen in a C—H bond). The vibration frequency for a bond between two atoms of different 
mass depends more on the mass of the lighter object than on the mass of the heavier one. The 
following analogy illustrates this point. 
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Analogy for the Effect of Mass on Bond Vibrations 


Imagine three situations: two identical light rubber balls connected by a spring; an identical rubber 
ball connected to a heavy cannonball with an identical spring; and an identical rubber ball con- 
nected to the Empire State Building by an identical spring. When the spring connecting the two rub- 
ber balls is stretched and released, both balls oscillate. That is, both masses are involved in the vibra- 
tion. When the spring connecting the rubber ball and the cannonball is stretched and released, the 
rubber ball oscillates, and the cannonball remains almost stationary, When the spring connecting 
the rubber ball and the Empire State Building is stretched and released, only the rubber ball appears 
tooscillate;the motion of the building is imperceptible.In the last two cases, the vibrational frequen- 
cies are virtually identical, even though the larger masses differ by orders of magnitude. Hence, 
changing the larger mass has no effect on the vibration frequency.If we now attach a cannonball at 
one end of the same spring and leave the other attached to the building, the frequency is signifi- 
cantly reduced, even though we haven't changed the larger mass at all. Thus, the smaller mass con- 
trols the vibration frequency. 


Now let's use Eq. 12.10 to verify that the smaller mass determines the vibration frequency. 
Suppose in this equation that M >> m. In such a case, the smaller mass can be ignored in the 
numerator of Eq. 12.10, and the larger mass M then cancels and vanishes from the equation, 
leaving only the smaller mass m in the denominator. Eq. 12.10 then becomes 


e. | |K 
p 5 — (for M >> m) (12.13) 
2тс Мат 


According to this equation, the vibration frequency of a bond between a heavy and a light 
atom depends primarily on the mass of the light atom, as our preceeding intuitive argument 
suggested. This is why C —H. O—H, and N—H bonds all absorb in the same general region 
of the IR spectrum, and why C—O, C—N, and C=C bonds absorb in the same general re- 
gion (Table 12.1). In fact, the differences that do exist between the vibrational frequencies of 
these bonds are not primarily mass effects. but mostly bond-strength effects. 


PROBLEMS | | 
| PROBLEMS | 12.7 The following bonds all have IR stretching absorptions іп the 4000-2900 cm ' region of the 
spectrum. Rank the following bonds in order of decreasing stretching frequencies. greatest 
first, and explain your reasoning. (Hinr: Consult Table 5.3 on p. 213.) 
C—H, O—H, N—H, F—H 


12.8 The —C-—H stretching absorption of 2-methyl-1-pentene is observed at 3090 cm". If the 
hydrogen were replaced hy deuterium, at what wavenumber would the —C— D stretching 
absorption be observed? Explain. (Assume that the force constants for the C—H and C—D 
bonds are identical.) 


kl 


The third factor that affects the absorption frequency is the type of vibration. The two gen- 
eral types of vibrations in molecules are stretching vibrations and bending vibrations. А 
stretching vibration occurs along the line of the chemical bond. А bending vibration is any 
vibration that does not occur along the line of the chemical bond. А bending vibration can be 
envisioned as a ball hanging on a spring and swinging side to side, In general, bending vibra- 
tions oceur at lower frequencies (higher wavelengths) than stretching vibrations of the same 
groups. 
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An Analogy for Bending Vibrations 


Imagine a ball attached to a stiff spring hanging from the ceiling. A gentle tap makes it swing back 
and forth. It takes considerably more energy to stretch the spring. Because the energy required to 
set the spring in motion is proportional to its frequency, the swinging (bending) motion has a lower 
frequency than the stretching motion. 


The only possible type of sibraution in a diatomie molecule corexsample. Н Fy as a streteh- 
ing Sibration. However when a molecule contains more than two atoms. beth stretching and 
bending vibrations are possible. The allowed vibrations of a molecule are called its normal vi- 
brational modes. Phe normal vibrational modes for à СН. group are shown in Fig. 12.8. 
They serve as models for the Kinds of sibrations that can be expected for other groups in organie 
molecules. The bending vibrations сал be such that the hydrogens move zr rie plane of the 
—CH.— group. or out ofthe plane of the — CH. — group. Furthermore, stretehing and bend- 
ing vibralions can be sveimetrical or inis vinmetrical wh respect to a plane between the two s i- 
braüng hydrogens. The bending motions have been sien graphie names (Setssoring. wagging, 
and so oni that deserbe the type ef motion invelved. Each of these motions ecctirs with a par- 
ticular frequenes and ean have an associated peak in the IR spectrum Calthough some peaks are 
weak or absent for reasons to be considered lateri The —CH. groups in a typical organic 
molecule undergo all of these motions simultaneously. That is; while the C—H bonds are 
"retehing. thes are also bending. The IR spectrum uf nonane (Fig. 12.4) shows absorptions for 
hoah C—H stretching and C —1IE bending vibrations; The peak at 2920 ут! is due to the 
C—H stretching vibrations; the peaks at 1270 and 1380 em^! are due to various bending 
modes of both = CH.— and СН, groups; and the peak at 720 em! is due to a dilferent 
bending mode, the —CH.— rocking vibration, Notice that all of the bending vibrations ab- 
sorb it lower wavenumber tand therefore lower energy} than the stretching vibrations. 


Factors That Determine IR Absorption Intensity 


The different peaks in an IR spectrum typically have very different intensities. Several factors 
uffect absorption intensity. First, a greater number of molecules in the sample and more ab- 
sorbing groups within a molecule give a more intense spectrum. Thus. à more concentrated 
sampe gives a stronger spectrum than a less concentrated one. other things heine equal; Sim- 
Hariv, ala given concentration. acompound sueh is nonane. which is rich in C— H bonds, has 
а stronger ahsorption tor ils СН stretching vibrations than u compound of similar molecu- 
lar mass with relatively few C— H bonds, 

The dipole moment of a molecule also affects the intensity ofan [R absorption. We van see 
why this should be so 1f we think about the nature of heht and how it interacts with a single 
vibrating bond. A light wave consists of perpendicular vibrating electric and magnetic fields. 
Onls the vibrating eleetiie held is relevant to TR spectroscopy. so we ll forget about the mag- 
pene held for now, The vibrating electric Held of light can be represented as an oscillating vec- 
tor (Pig. 12.9. p. 330). An electric field exerts a foree on a charge. This means that an sieg- 
tree field affects the motion of à charge. The field inposes an acceleration component on the 
charge in the direction of the feld. In particular. if a charge is moving in the same direction zs 
the electric field. the held increases the velocity of the charge: that is; the field makes the 
charge "move more” 

Recall trom Sec. 1.2D that a polar chemical bond has a bend dipole. This means that we 
сап think of à polar bond as a system of separated positive and negative charges. IE a polar 
bond vibrates wath a particular frequency. its bond dipole vibrates with the same frequency 
(hig. 129b), According to Eq. Ldap. E11 the magnitude of the bond dipole is properttenal not 
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average 
position 


symmetrical stretch 


unsymmetrical stretch 


unsymmetrical 
in-plane bend (rock} 


symmetrical 
in-plane bend (scissor) 


symmetrical 
out-of-plane bend (wag) 


unsymmetrical 
out-of-plane bend (twist) 


Figure 12.8 Normal vibrational modes of a typical CH, group in a structure R—CH,—R. In each model, the 
white spheres are the hydrogens, the black sphere is the carbon of the CH, and the blue spheres represent the R 
groups. The center mode! in each normal mode represents the average position of the hydrogens. For each mode, 
start at the center and view left, center, right, center to see how the hydrogens move with time. 


only to the amount of charge on each bonded atom but also to the distance between the 
atoms—that is, the bond length. Therefore, as the bond stretches, the bond dipole increases, 
and, as the bond compresses, the bond dipole decreases. To a light wave, a polar bond is basi- 
cally a system of moving charges. Light interacts with a polar bond because its electric field 
exerts a force on the system of moving charges (the vibrating bond dipole). This interaction 
can occur only if the light wave and the charges in the bond are oscillating with the same fre- 
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Figure 12.9 [a) One component of a light wave is a vibrating electric held, here represented as a vector that os- 
cillates in a sinusoidal manner over time. [b] A bond dipole vibrating at the same frequency as the light wave in 
[a], When the frequencies of the light wave and the vibrating bond dipole match ias in this Agure, the bond di- 
pole absorbs energy from the light wave. (See also Fig. 12.6 on p.543 ] 


guene», When the electric field of the light wave exerts a force on the charges in the bond di- 
pole. the bond dipole gains energy, as shown in Fig. 12.6. and consequentis the light wave 
loses energy: this is the process of absorplion. 

Ifa bond has no bond dipole, then there are no moving charges with which the electric Held 
of the light wave can interact, For example. the C—C bond in the alkene 2.3-dimethyli-2- 
butene has no bond dipole because of its syninetrical placement in the molecule. Hence. its 
stretching vibration does not interact with the electeie tield of light. The C=C stretching wi- 
bration occurs, but it does nef absorb energy. from light. This means that 2.3-dimethy|-2- 
bultene does not have à C=C stretebing absorption in its IR spectrum in the 1600-1700 em"! 
region of its IR spectrum. the region in which many other alkenes have such an absorption. 


HC. CH, HAC CH 
[e (=U stretching р С no d absorption is observed TRANI 
| | 7 | i tor the € — мге hing vibration D 
HC Ci; HC CH 
2,3-dtmethyl-2-butene: "stretched" 2,3-dimethyl-2-butene: 


zero dipole moment 


zero dipole moment 


Study Problem 12.2 
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(This compound does have other IR absorptions.) Molecular vibrations that occur but do not 
give rise to IR absorptions are said to he infrared-inactive. (IR-inactive vibrations can be ob- 
served with Raman spectroscopy, another type of spectroscopy.) In contrast, any vibration that 
gives rise to an IR absorption is said to be infrared-active. We often find in practice that 
highly symmetrical compounds have less complex IR spectra because their symmetry results 
in the absence of a molecular dipole moment and a relatively large number of infrared-inac- 
tive vibrations. 

[t is possible for a molecule that has a zero dipole moment to have a molecular vibration 
that creates a temporary dipole moment in the distorted molecule. Such vibrations are also in- 
[rared-active. An example of this situation is found in Study Problem 12.2. This is why some 
vibrations, even in symmetrical molecules, are infrared-active. 

Because the intensity of an IR absorption depends on the size of the dipole moment change 
that accompanies the corresponding vibration, IR absorptions differ widely in intensity. 
Chemists do not try to predict intensities; rather. they rely on collective experience to know 
which absorptions are weaker and which are stronger. Nevertheless, for symmetrical mole- 
cules with a zero dipole moment, we must be particularly aware of the possibility of IR-inac- 
tive vibrations that would be observed in less symmetrical molecules containing the same 
functional groups. 


Which one of the following molecular vibrations is infrared-inactive? (a) the C—O symmetrical 
stretch of СО,; (b) the C=O unsymmetrical stretch of CO,. (See Fig. 12.8 on p. 549.) 


Solution First be sure you understand what is meant by the terms symmetrical stretch and 
unsymmetrical stretch. These are defined by analogy to the C—H stretching vibrations in Fig. 
12.8. In the symmetrical stretch, the two C=O bonds lengthen (ог shorten) at the same time so 
that the molecule maintains its symmetry with respect to the symmetry plane: 


) Wirpne ol eee’ 


symmetrical stretch: maintains 
the molecular symmetry 


in the unsymmetrical stretch, one C—O bond shortens when the other lengthens: 


“о=ф=о = o—— ——d-o 


unsymmetrical stretch 


Which of these vibrational modes results in a change of dipole moment? Becanse the CO, mole- 
cule is linear. the two C—O bond dipoles exactly oppose each other. Stretching a bond increases 
its bond dipole because the size of a bond dipole is proportional not only to the magnitudes of the 
partial charges at each end of the bord hut also to the distance by which the charges are separated 
(Eq. 1.4, p. 11). Consequently, after the symmetrical stretch, both bond dipoles are increased; but, 
because they are exactly equal and oppose each other, the dipole moment remains zero. Hence, 
the symmetrical stretching vibration is IR-inactive. 

In an unsymmetrical stretch, one C—O bond is reduced in length while the other is increased. 
Because the "long" C—O bond has a greater bond dipole than the “short” С==О bond, the two 
bond dipoles no longer cancel. Thus, the unsymmetrical stretch imparts a temporary dipole mo- 
ment to the CO, molecule. Consequently, this vibration is infrared-active—it gives rise to an IR 
absorption. 
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i PROBLEM! 12.9 Which of the following vibrations should be infrared-active and which should be infrared-in- 
active (or nearly so)? 


(a) CH,CH.CH.CH,C=CH C=C stretch 
(b) (CH,),C—=O C=O stretch 
(€) 
== cyclohexane ring "breathing" 
dr EL en (simultaneous stretch of all C — C bonds) 
(d) CH,CH,C-5CCH.CH, С==С stretch 
(e) Ó: | 
„ў symmetrical N—O stretch 
H;C—N (see resonance structures, 
X Eq. 1.6, p. 20) 
О: 
(D (CH,),C—Cl ССІ stretch 
ip) trans-3-hexene C=C stretch 


FUNCTIONAL-GROUP INFRARED ABSORPTIONS 


A typical IR spectrum contains many absorptions. Chemists do not try to interpret every ab- 
sorption in a spectrum. Experience has shown that some absorptions are particularly useful 
and important in diagnosing or confirming certain functional groups, In this section, we'll 
focus on those. We'll show you sample spectra so that you will begin to see how these absorp- 
lions appear in actual spectra. 

We'll consider here only the functional groups covered in Chapters 1-11. Subsequent chap- 
ters contain short sections that discuss the [R spectra of other functional groups. These sections, 
however. can be read and understood at any time with your present knowledge of infrared spec- 
troscopy. [n addition, a summary of key IR absorptions is given in Appendix II. 


A. IR Spectra of Alkanes 


The characteristic structural features of alkanes are the carbon-carbon and carbon-hydrogen 
single bonds. The stretching of the carbon-carbon single bond is infrared-inactive (or nearly so) 
because this vibration is associated with little or no change of the dipole moment. The stretching 
absorptions of alkyl C—H bonds are typically observed in the 2850-2960 стт! region. The 
peaks near 2920 ст”! in the IR spectrum of nonane (Fig. 12.4) are examples of such absorp- 
lions. Various bending vibrations are also observed in the fingerprint region (1380 and 1470 
етт! in nonane) and in the C—H bending region (720 стт in nonane). Absorptions in these 
general regions can be expected not only for alkanes but also for any compounds that contain 
H,C— and —CH,— groups. Consequently, these absorptions are not often useful, but it is im- 
portant to be aware of them so that they are not mistakenly attributed to other functional groups. 


B. IR Spectra of Alkyl Halides 


The carbon-halogen stretching absorption of alkyl chlorides, bromides, and todides appear in 
the low-wavenumber end of the spectrum, but many interfering absorptions also occur in this 
region. NMR spectroscopy and mass spectrometry are more useful than IR spectroscopy lor 
determining the structures of these alkyl halides. 

Alkyl fluorides, in contrast to the other alkyl halides, have useful IR absorptions. A single 
C—F bond typically has a very strong stretching absorption in the 1000-1100 стт region. 
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Multiple fluorines on the same carbon increase the frequency; for example, a CF, group typi- 
cally has a stretching frequency in the 1300—1360 ст! region. 
IR Spectra of Alkenes : 


Unlike the spectra of alkanes and alkyl halides, the infrared spectra of alkenes are very useful 
and can help determine not only whether a carbon-carbon double bond is present, but also the 
carbon substitution pattern at the double bond. Typical alkene absorptions are given in 
Table 12.2. These fall into three categories: C=C stretching absorptions, —=C—H stretching 
absorptions, and —C — Н bending absorptions. The stretching vibration of the carbon-carbon 


АСЕ important Infrared Absorptions of Alkenes 


Functional group Absorption* 


Е =< stretching absorptions 


—CH=CH, (terminal vinyl) 1640 стт! (m, sh) 

‚ Li 

» (terminal methylene) 1655 ст ' (m, sh) 

H 
je d Y-d | 
/ y S i 
H 1660-1675 em ' fw) 
(absent in some com- 
Ж, ЕЕ, pounds) 
am /É X 
H 
—C—H stretching absorptions 
| 

=C—H 3000-3100 ст! (m) 
—(CH; 


—€ —H bending absorptions 


— CH=CH, (terminal vinyl) 910,990 cm" (s) 
two absorptions 


Y =Ch, (terminal methylene) 890 cm! (s) 
H 
ш, 
PON (trans-alkene) 960-980 cm ' (s) 
H 
H H 
xt ) - 
С=С {cis-alkene) 675-730cm {br} 
\ {ambiguous and variable for 
different compounds) 
aa (trisubstituted) 800-840 em" ' (s) 


a d 
H 


"Intensity designations: s = strong; m = moderate; w = weak 
Shape designations: sh = sharp (narrow); br = broad (wide) 
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Figure 12.10 IR spectra of (a) 1-octene and [b] trans-3-hexene. Be sure to correlate the key bands indicated in 
these spectra with the corresponding entries in Table 12.2. 


double bond occurs in the 1640-1673 em7! range: the frequeney of this absorption tends to be 
greater, and its intensity smaller, with increased alkyl substitution at the double bond. The rea- 
son for the intensity variation is the dipole moment effect discussed in the previous section. 
Thus. the C=C siretching absorption is clearly evident in the IR spectrum of |-octene at 1642 
em”! (see Fig. 12.100, but is virtually absent in the spectrum of the symmetrical alkene trans- 
3-hexene (Fig. 12.10b). The C=C stretching vibration is weak or absent even in unsymmet- 
rical alkenes that have the same number of alkyl groups on each carbon of the double bond. 

NMR spectroscopy js particularly. useful for observing alkene hydrogens (Sev. ТАТА. 
Nevertheless. а ==С—-— Н stretching absorption can often be used for confirmation of an alkene 
functional group. in general. the stretching absorptions of СН bonds involving sp7-hy- 
hridized carbons occur at wavenumbers greater than 3000 ст. and the stretching absorp- 
tions of C—H bonds involving sp -hybridized curbons occur at wavenumbers fexs tert 3000 
cm ^. Thus, l-octene has a ==С—Н stretching absorption at 3080 em?! (Fig. 12.104), and 
nmuns-Mhexene has а similar absorption which is barely discernible at 3030 cm ^! (Fig. 
12.106). The higher frequency of =C—H stretching absorptions is a manifestation of the 
bond-strength effect: bonds to sp’-hybridized carbons are stronger (Table 5,3. p. 213). and 
stronger bonds vibrate at higher frequencies. 
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The alkene =С— Н bending absorptions that appear in the low-wavenumber region of the 
IR spectrum are in many cases very strong and can be used to determine the substitution pat- 
tern at the double bond. The first three of these absorptions in Table 12.2—the ones for termi- 
nal vinyl, terminal methylene, and trans-alkene—are the most reliable. The 910 and 990 cm ^! 
terminal vinyl absorptions are illustrated in the IR spectrum of ]-octene (Fig. 12.10a), and the 
trans-alkene absorption is illustrated by the 965 cm"! peak in the IR spectrum of trans-3-hex- 
ene (Fig. 12.10b). 


Study Problem 12.3 


Each of three alkenes, A, B, and C, has the molecular formula С.Н, „, and each undergoes catalytic 
hydrogenation to yield pentane. Alkene A has IR absorptions at 1642, 990, and 911 cm ^; alkene 
B has an IR absorption at 964 cm !, and no absorption in the 1600—1700 стт! region: and alkene 
C has absorptions at 1658 and 695 cm" '. Identify the three alkenes. 


Solution In this problem, you can write out ail the possibilities and then use the IR spectra to 
decide between them. The molecular formulas and the hydrogenation data show that the carbon 
chains of all of the alkenes are unbranched and that all are isomeric pentenes. Hence, the only 
possibilities for compounds A, В, and C are the following: 


Н.С CH;CH, H;C H 
H;C—CHCH;CH;CH; C=C Rene 
]-pentene 74 ^ H CH;CH; 
cis-2-pentene trans-2-pentene 


The C—H bending absorptions of A at 990 ст! and 911 ст! indicate that it is a 1-alkene; thus, 
it must be l-pentene. The 964 ст” C—H bending ahsorption of B shows that it is trans-2-pen- 
tene. (Why is the CC stretching vibration absent?) The remaining alkene C must be cis-2-pen- 
tene; the 1658 ст! C=C stretching absorption and the 695 cm~! C—H bending absorption are 
consistent with this assignment. 

Notice that you do not need the complete IR spectrum of each compound, but only the key 
absorptions, to solve this problem. 


PROBLEMS 
| PROBLEMS | 12.10 Five isomeric alkenes A—E each undergo catalytic hydrogenation to give 2-methylpentane. 
The IR spectra of these live alkenes have the following key absorptions (in cm™'): 
Compound A: 912 (s), 994 (8), 1643 (s), 3077 (m) 
Compound В; 833 (s), 1667 (w), 3050 (weak shoulder on C—H absorption) 
Compound C: 714 (5), 1665 (w), 3010 (m) 
Compound D: 885 (5), 1650 (m), 3086 (m) 
Compound E: 967 (s), no absorption 1600—1700, 3040 (m) 
Propose a structure for each alkene. 
12.11 One of the spectra in Fig. 12.11 (p. 556) is ihat of trans-2-heptene and the other is that of 2- 
methyl-1-hexene. Which is which? Explain. 


556 CHAPTER 12 * INTRODUCTION TO SPECTROSCOPY. INFRARED SPECTROSCOPY AND MASS SPECTROMETRY 


wavelength, micrometers 
26 18 å A" 4 AS 5 55 6 Fi а g 10 11 12 13 14 1516 


percent transmittance 


3800 3400 23000 2600 2200 2000 1800 1600 1400 1200 1000 B0 G00) 
(а! wavenumber, «m^! 

wavelength, micrometers 
l6 A8 J AP 4 4.5 5 223 б 7 М ч [n Hl I2 13 l4 1516 


p ercent transmittance 


3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 n0 hit) 


th} wavenumber, сп! 


Figure 12.11 IR spectra for Problem 12.11. 


D. IR Spectra of Alcohols and Ethers 


When О— Н groups are not hydrogen-bonded to other groups. the O—H stretching absorption 
occurs near 3600 cm ^ '. However, in most typical samples, the O—H groups are strongly hydro- 
gen-bonded and give a broad peak of moderate to strong intensity in the 3200-3400 em" ! region 
af the IR spectrum. Such an absorption, which is an important spectroscopic identifier for alco- 
hols, is clearly evident in the IR spectrum of 1 -hexanol (see Fig. 12.12). 

The other characteristic absorption of alcohols is a strong C—O stretching peak that oc- 
curs in the 1050—1200 emn ^! region of the spectrum: primary alcohols absorb near the low end 
of this range and tertiary alcohols near the high end. For example. this absorption occurs at 
about 1060 em"! in the spectrum of 1-hexanol. Because some other functional groups. such as 
ethers. esters, and carboxylic acids, also show C—O stretching absorptions in the same gen- 
eral region of the spectrum, the C—O stretching absorption is mainly used to support or con- 
hrm the presence of an alcohol diagnosed from the O—H absorption or from other spectro- 
scopic evidence. 

The most characteristic infrared absorption of ethers is the C—O stretching absorption, 
which. for the reasons just stated, is not very useful except for confirmation when an ether ts 
already suspected from other data. For example. both dipropyl ether and an isomer 1 -hexanol 


have strong C—O stretching absorptions near 1100 em" '. 
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Figure 12.12 IR spectrum of 1-hexanol. Note particularly the broad O—H stretching absorption. 
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Figure 12.13 IR spectrum for Problem 12.12. 


PROBLEMS ж MM t | 
12.12 Match the IR spectrum in Fig. 12.13 to one of the following three compounds: 2-methyl-| - 
octene, butyl methyl ether. or 1-pentanol. 
12.13 Explain why the IR spectra of some ethers have two C—O stretching absorptions. (Hint: 
See Fig. 12.8, p. 549.) 
12.14 Explain why the frequency of the O—H stretching absorption of an alcohol in solution 
changes as the alcohol solution is diluted. 


OBTAINING AN INFRARED SPECTRUM 


Infrared spectra are obtained with an instrument called an infrared spectrometer. In its sim- 
plest concept, the IR spectrometer provides a way to carry out the absorption spectroscopy ex- 
periment shown in Fig. 12.3 (p. 539). The instrument houses a source of infrared radiation, a 
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4 


Further Exploration 12.2 
FTIR Spectroscopy 


place to mount the sample in the infrared beam. and the optics and electronics necessary to 
measure the intensity of light absorbed or transmitted as a tuncuon of wavelength or wavenum- 
ber. Modern iR spectrometers, called Foirrer-transjorm mfrared spectrometers (FTIR: speg- 
trometers ). can provide an IR spectrum in a few seconds. (See Further Exploration [2.2.1 The 
IR spectra in this text were obtained with an FTIR spectrometer. 

The sample containers (“sample cells") used in TR spectroscopy must be made ol an in- 
frurcd-transparent material. Because glass absorbs infrared radiation. it cannot be used. The 
conventional material used for sample cells is sodium chloride. The IR spectrum of an wredi- 
шей (neat) liquid can be obtained by compressing the liquid hetween two optically pol- 
ished salt plates. H the sample is a solid, the finely ground solid can be dispersed mulled”) 
in a mineral oi] and the dispersion compressed between salt plates, Allernatively, a solid can 
be co-fused (melted) with KBr. another IR-transparent material. to form a clear pellet. Simple 
presses are available to prepare KBr pellets. IR spectra van also be taken in solution cells. 
which consist of sodium chloride plates in appropriate holders equipped with syringe fittings 
tor injecting the solution. 

When mineral-oil dispersions or solvents are used. we have to be aware of the regions in 
which the oil or the solvents themselves absorb IR radiation. because these absorptions inter- 
fere with those of the sample. A number of solvents are commonly used: chloroform (CHCT,). 
tls isotopic analog (CDC! and methylene chloride (CH.CH are among them, As a few slu- 
dents learn the hard way, solvents that dissolve sodium chloride. such as water and alcohols. 
cannot be use. 


INTRODUCTION TO MASS SPECTROMETRY 


[n contrast to. other spectroscopic. techniques. mass spectrometry does. noi involve. the 
absorption of electromagnetic radiation. but operates on à completely difterent principle. Ах 
ihe лате implies. mass spectrometry is used to determine molecular masses. and it is the most 
Important technique used for this purpose. It also has seme use in determining molecular 
structure., 


Electron-Impact Mass Spectra 


The instrument used to obtain a mass spectrum is called a mass spectrometer. [n one (уре of 
Instrument, an electron-impact mass spectrometer, à compound is vaporized m à vacuum 
and hombarded with an electron beam of high energy —ts pically, 70 eV (eleetron-volts) imore 
than 6700 kJ mol" ^). Because this energy is much greater than the bond enereies of chemical 
bonds. some fairly drastic things happen when a molecule is subjected to such conditions. One 
thing that happens 15 that an electron is ejected tram the molecule. For example. it methane Is 
treated in this manner. it loses an electron from one of the С — 11 bonds. 


[| [1 
ICIH +T н ЕСИН + 2e7 (12.151 
H 11 
The produet of this reaction is sometimes abbreviated as Tellows: 
H 
E ч df 
H:C'H abbreviated as CH 
H 


The symbol. ? means that the molecule is both a radical (a species with an unpaired electron) 
and a cation—a radical cation. The species СН is called the methane radical cation, 
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Foflowing its formation, the methane radical cation decomposes in à series of reactions 
culled fragmentation reactions. ina fragmentation reaction, a radical cation literally comes 
apart. The ionic product of the fragmentation (whether ib is a cation op a radical cation) ts 
called а fragment ion. For example. in one fragmentation reaction. it loses a hydrogen afe 
(the radical? to generate the methyl cation. a carbocation. 


CHF о —- *Cl + H ТЕАТ 


niss 16 . 
methyl cation 


mass — dà 
Notice that the hydrogen alom curries the unpaired electron. and the methyl cation curries the 
charge: conseguenti. the methyl cation is the fregmient far in this case. The process can he 
represented with the free-radical (fishhook) arrow formalism as follows: 


H ! 

l]—C*H —e 07 -oH (12.17: 
| | 
H |] 


Alternatively, the unpaired electron may remain assoviated with the carbon atom; in this case. 
the products of the Iragmentation are a methyl radical and a proton. 


e. + А 
CH ——- CH, } H* (112.18) 
Mass - [fh . mass — | 
methyl radical 
[n this case the proton is the fragment ion. Further decomposition reactions give fragments of 
progressively smaller mass. (Show how these occur hy using the fishhook notation.) 


"UH. — TCH. + Ib (219a) 
LERET |1 

TCH, о —— “CH He ТРАСТ 
mass — 13 

Чур — ct кН (12.19с) 


TERES |? 


Ihe ions formed in Eqs. 12.46 and [2,19а—с are very unstable species. They are not the sorts ot 
Species that would be involved as reactive intermediates in a solution reaction. Recall from Sec. 9.6. 
tor example. that methyl and primary carbocations are never formed as intermediates in S41 reag- 
Lions; These tons are formed in the mass spectrometer onb because of the immense energy imparted 
Lo che methane molecules by the bombarding electron beam, 


Thus, methane undergoes fragmentation in the mass spectrometer to give several positively 
charged fragment rons of differing mass: CH. 'CH.,. TCH, *CH, С, and H*. In the mass 
spectrometer, the fragment ions are separated according 10 their mass-to-charge ratio. г/с 
бт = mass.z the charge of the fragment), Because most ions formed in the electron-mpaet 
mass spectrometer have unit charge. the myz value can generally he taken as the mass of the 
Ion. А mass spectrum is à &raph of the relative amount of each ton (called the relative abun- 
dance) as a l'unction of the omie mass Cor 2/7). When the ions are produced by electron im- 
pact, the mass spectruni is called an EI mass spectrum. The EI mass spectrum of methane is 
shown in Fig. 12.14 on p. 560. Note that only iens are detected by the mass spectrometer 
neutral molecules and radicals do not appear as peaks in the mass spectrum. The mass sper- 
trum of methane shows peaks at m/z = 16.15. 14, 13. 12. and |. corresponding to the various 
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Figure 12.14 The E! mass spectrum of methane. Can you explain why there is an ion at m/z — 177 (See 
Sec, 12.6B for the answer.) 


ionic species that are produced from methane by electron ejection and fragmentation, as 
shown in Egs. 12.16-12.19. 

The mass spectrum can be determined for any molecule that can be vaporized in a high vac- 
uum. and this includes most organic compounds. (Other techniques for vaporizing less 
volatile molecules have been developed and are discussed briefly in Sec. 12.6E.) Mass spec- 
trometry is used for three purposes: (a) to determine the molecular mass of an unknown com- 
pound, (b) to determine the structure (or a partial structure) of an unknown compound by an 
analysis of the fragment ions in the spectrum, and (c) to confirm the structures of compounds 
with known or suspected structures. 

The ion derived from electron ejection before any fragmentation takes place is known as the 
molecular ion, abbreviated M. The molecular ion occurs at an m/z value equal to the molecular 
mass of the sample molecule. Thus, in the mass spectrum of methane, the molecular ion occurs at 
m/z = 16. In the mass spectrum of decane (see Fig. 12.15), the molecular ion occurs at m/z = 
| 42, Except for peaks due to isotopes, discussed in the next section, the molecular ion peak is the 
peak of highest »/z in any ordinary mass spectrum. 

The base peak is the ion of greatest relative abundance in the mass spectrum-—that ts, the 
ion with the largest peak. The base peak is arbitrarily assigned a relative abundance of 100%. 
and the other peaks in the mass spectrum are scaled relative to it. In the mass spectrum of 
methane, the base peak is the same as the molecular ton, but in the mass spectrum of decane, 
the base peak occurs at m/z — 43. In the decane spectrum and in most others. the molecular 
ion and the base peak are different. 


B. Isotopic Peaks 


Look again at the mass spectrum of methane in Fig. 12.14. This mass spectrum shows a small 
but real peak at m/z — 17. a mass that is one unit higher than the molecular mass. This peak 
is called an M + 1 peak, because it occurs one mass unit higher than the molecular ion (М). 
This ion occurs because chemically pure methane 1s really a mixture of compounds contain- 
ing the various isotopes of carbon and hydrogen. 


methane = FCH, "CH, "СОН, and so on 
m/íz- 16 17 17 


The isotopes of several elements and their natural abundances are given in. Table 12.3 on 
p. 562. 
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Figure 12.15 The El mass spectrum of decane. 


Possible sources of the m/z = 17 peak for methane are "CH, апд "CDH,. Each isotopic 
compound contributes a peak with a relative abundance in proportion to its amount. In turn, 
the amount of each isotopic compound is directly related to the natural abundance of the iso- 
tope involved. The abundance of '“CH, methane relative to that of "CH, methane is then given 
by the following equation: 
abundance of C peak | | 

— —— M a (12.202) 


relative abundance — | TE 
abundance of C peak 


- 13 
natural abundance of C | 


(number of carbons) х | aE 
natural abundance of ^C 


; 00110 
(number of carbons) X (— 
0.9890 


|1 


= (number of carbons) X 0.011 | (12.20h) 


Because methane has only one carbon. the m/z = 17 (M + 1) peak due to "CH, is about 1.1% 
of the m/z = 16, or M, peak. А similar calculation can be made for deuterium. 
natural abundance of ^H 


relative abundance — (number of hydrogens) X | 


паша abondance оГ ОН (12.21) 
‚ natural abundance of H 


‘0.00015 
= (4) x (29800) = (} 0006 
0.99985, 


Thus, the CDH, naturally present in methane contributes 0.06% to the isotopic peak. Because 
the contribution of deuterium is so small. "С is the major isotopic contributor to the M + | 
peak. (We'll ignore contributions of ^H in subsequent calculations of M + 1 peak intensities.) 

In à compound containing more than one carbon. the M + 1 peak is larger than 1.1% of the 
M peak because there is a 1.1% probability that eech carbon in the molecule will be present 
as C, For example. cyclohexane has six carbons, and the abundance of its M + 1 ion relative 
to that of its molecular ion should be 6(1.1) = 6.6%, In the mass spectrum of cyclohexane, 
the molecular ion has a relative abundance of about 70%; that of the M + 1 ion is calculated 
ta be (0.066)( 705) = 4.6%, which corresponds closely to the value observed. (With careful 
measurement, it is posstble to use these isotopic peaks to estimate the number of carbons in an 
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ILE Exact Masses and Isotopic Abundances of Several Isotopes Important in 
Mass Spectrometry 


Element Isotope Exact mass Abundance, 96 
hydrogen 'H 1.007825 99.985 
*H* 7.0140 0.015 
carbon МС 12.0000 98,90 
ас 13.00335 1.10 
nitrogen MN 14.00307 99.63 
“N 15.00011 0.37 
Oxygen "0 15.99491 99.759 
"9 16.99913 0.037 
ав 17.99916 0.204 
fluorine эр 18.99840 100. 
silicon "si 27.97693 82.21 
“gi 28.97649 467 
ШЕТ 29.97377 3.10 
phosphorus ир 30.97376 100. 
sulfur 45 31.97207 95.0 
336 1297146 0.75 
346 3396787 4.22 
chlorine ssc] 34.96885 75.77 
ша 36.96590 24.23 
bromine "Br 78.91834 50.69 
"Br 80.91629 49.31 


iodine mazi 126.90447 100. 


“H is commonly known as deuterium, abbreviated D. 


unknown compound; see Problem 12.41 on p. 577.) Not only the molecular ion peak, but also 
every other peak in the mass spectrum has isotopic peaks. 

Several elements of importance in organic chemistry have isotopes with significant natural 
abundances. Table 12.3 shows that silicon has significant M + | and M + 2 contributions; sul- 
fur has an M + 2 contribution; and the halogens chlorine and bromine have very important M 
+ 2 contributions. In fact, the naturally occurring form of the element bromine consists of 
about equal amounts of "Br and "Br. The mixture of isotopes leaves a characteristic trail in the 
mass spectrum that can be used to diagnose the presence of the element. 

Consider, for example, the EI mass spectrum of bromomethane, shown in Fig. 12.16. The 
peaks at m/z — 94 and 96 result from the contributions of the two bromine isotopes to the 
molecular зоп. They are in the relative abundance ratio 100 : 98 = 1.02, which 15 in good 
agreement with the ratio of the relative natural abundances of the bromine isotopes 
(Table 12.2). This double molecular ton is a dead giveaway for a compound containing a sin- 
gle bromine. Notice that along with each major isotopic peak is a smaller isotopic peak one 
mass unit higher. These peaks are due to the isotope "C present naturally in bromomethane. 
For example, the m/z — 95 peak corresponds to bromomethane containing only "Br and one 
"C. The m/z = 97 peak arises from methyl bromide that contains only "Br and one "C. 

Although isotopes such as "C and '*O are normally present in small amounts in organic 
compounds. it is possible to synthesize compounds that are selectively enriched with these and 
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Figure 12.16 The El mass spectrum of bromomethane. The two molecular ions at m/z = 94 and at m/z = 96 
have nearly equal abundance and result from the presence of the two isotopes “Gr and ?'Br. 


other isotopes. Isotopes are especially useful because they provide specific labels at particular 
atoms without significantly changing their chemical properties. One use of such compounds is 
to determine the fate of specific atoms їп deciding between two mechanisms. Another use is to 
provide nonradioactive isotopes for biological metabolic studies (studies that deal with the fates 
of chemical compounds when they react in biological systems). When a compound has been 
isotopically enriched, isotopic peaks are much larger than normal. Mass spectrometry is used to 
measure quantitatively the amount of such isotopes present in labeled compounds. 


PROBLEMS | 
| PROBLEMS. 12.15 The mass spectrum of tetramethylsilane, (CH,),Si, has a base peak at m/z = 73. Calculate 
the relative abundances of the isotopic peaks at m/z — 74 and 75. 


12.16 From the information in Table 12.3, predict the appearance of the molecular ion peak(s) in 
the mass spectrum of chloromethane. (Assume that the molecular ion is the base peak.) 


C. Fragmentation 


[n EI mass spectrometry, the molecular ion is formed by loss of an electron. If this ion is sta- 
ble. it decomposes slowly and is detected by the mass spectrometer as a peak of large relative 
abundance. If this jon is less stable, it decomposes, sometimes completely, into smaller pieces. 
Two cases of such fragmentation are most commonly observed, and in each case, two prod- 
ucts are formed. 


|. One fragmentation product can be a radical, in which case the other product is a cation 
with no unpaired electrons (an even-electron ion). 

2. One fragmentation product can be à neutral molecule, in which case the other product 
must be, like the molecular ion, à radical cation (an odd-electron ion). 


[n either case, the cation 15 called a fragment ion. Only the ion is detected in the mass spec- 
trum; the radical (case D or neutral molecule (case 2) is not detected. 

As an example of case 1, consider the m/z = 57 ion in the mass spectrum of decane (Fig. 
12.15). This is formed in the following way. One of several possible molecular ions is formed 
by ejection of an electron from a carbon-carbon bond. 
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CHCEL LECH CIBLER LERCH, + ССНИ ССН ССН ССН (02:22 


decane molecular ion od decane 
la radical cation нс 142i 
Next, the molecule splits at the site of electron ejection to give a carbocation with iz — 57 


and a radical With mass = 85. In this fragmentation. only the cation ts detected. 


* , 
CH,CH.CH;CHT CH-CHCH;CHCH;CH, —— CHACESCH;CH. + CHECHIBSCEGCH ОНОН, (02:23) 
wm 


molecalar jen of decane a cation a rddical 
La radical cation, m/z = |421 nZ а nut detected by the 
detected by the Mass speetrometer 


mass spectrometer 


Notice that there is also a peak in Fig. 12.15 at az = 85, Thh does nor arise from the radi- 
caf, but rather from fragmentation of the same bond in the opposite manner to give the carbo- 
cation with iz = 85 and the radical with mass = 57. 


А + 
CH,CH;CH:CH:* СН СНОН ЕСН СНС, — 3» (CHiCH-ClHi-Cll. CH CEECH-CITECIEA4ZH4,: 112.234} 
iras 


molecular ion ob decane a radical 4 cation 
Inet detected by thre HI WA 
Dass spectrometer i detected by the 


Nass SPectmumeler, 


A fragmentation of type 2 is illustrated) by the mass Spectra of mans primary alcohols, For 
example. in the mass spectrum of E-heptanol (molecular mass — 1163, the molecular ion is 
tormed by electron ejection Irem one of the охл gen unshared pairs, (Because unshared eleg- 
Irons are not held in bonds, they are ejected more easily than bonding electrons.) 


m Tas 
ООН “CEI 


CHACHA СН СН. a CHACH pE: CH. (228) 


molecular ien of H-hepranol 
нг = 116 


Loss af the neutral molecule water from this molecular ton gives another radical cation of 
mass = YR. The radical cation is detected in the mass spectrum: the neutral molecule water 


is nat. 

^ + 
н “Өн H— ÖH 
ой, „Ж C] 


s! : 


molecular ion ot 1 heptanel 


№ + re 
CHICH: 4 —CH— CIL + UH OH 112.26) 
add-electron wen, arg T 98 4 neutral molecule 
(detected bv the mass spectrometer, Did detected by the 


hiss spectrometer 


[la molecule contains only C. A. О, und halogen. its exen-electron fragment ions Rave edd 
miss and its exdd-electron fragment ions fave even mass. You can verify this with the exam- 
ples in Eys. 12.22 12.26. Thus, trom the mass of the fragment ton—odd oreven sou imme- 
diately know something about ins structure and its origin. 
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As Fig. 12.15 illustrates, the peaks in a mass spectrum are typically not the same height. What 
controls the relative ahundances of ions in a mass spectrum? Typically, the most stable ions ap- 
pear in greatest abundance. If an ion is relatively stable, it decomposes slowly and appears as а 
relatively large peak. If an jon is relatively unstable, it decomposes rapidly and appears as a rel- 
atively small peak—or perhaps not at all. The principles of carbocation stability that you already 
know can help you to understand why certain fragment ions in а mass spectrum are prominent 
and others are not. This idea is illustrated in Study Problem 12.4. 


Study Problem 12.4 


The base peak in the mass spectrum of 2,2,5,5-tetramethylhexane (molecular mass = 142) is at 
m/z = 57, which corresponds to a composition C,H,. (a) Suggest a structure for the fragment that 
accounts for this peak. (hb) Offer a reason that this fragment is so abundant. (c) Give a mechanism 
that shows the formation of this fragment. 


Solution The first step is to draw the structure of 2,2,5,5-tetramethylhexane: 


(a) A fragment with the composition C,H, could be a tert-butyl cation formed by splitting the 
compound at the bond to either of the tert-butyl groups: 


Ca Ha 
CH; CH; 


| 
Miete ono ty аво, 
|| 
ЄН» CH; 


(b) The most abundant peaks in the mass spectrum result from the most stable cationic fragments. 
Because a tert-butyl cation is a relatively stable carbocation (it is tertiary), it is formed in rela- 
tively high abundance. 

(c) To form this cation, one electron is ejected from the C—C bond. and the compound fragments 
so that the unpaired electron remains on the methylene carbon (see Eqs. 12.23-12.24): 

CH, CH; CH; CH; 


| Li bt 
| electron ejection 


H,C—C—CH; — CH;:C — CH; H,C—C—CH,—CHjC— CH; 
| | | 
CH; CH; CH; CH; 
molecular mass — 142 m/z — 142; molecular ion 
реон 
CH; CH; 


з | 
„о ы с. + К йк. (12.27) 


CH; CH, 


niz = 57 


Fragmentation might have occurred at the same bond so that the unpaired electron remains as- 
sociated with the tert-butyl group and a primary carbocation with m/z = 85 is formed. (In other 
words, a more stable tree radical and a less stable carbocation would he formed.) There is no peak 
at m/z = 85. That this mode of fragmentation is not observed demonstrates that carbocation sta- 
bility is more important than free-radical stability in determining fragmentation patterns. 
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PROBLEMS S ae . | 
! 12.17 The peak of highest mass in the El mass spectrum of 2,2.5.5-tetramethylhexane (the molecule 


discussed in Study Problem 12.43 occurs at m/z = 71 and has about 33% relative abundance. 
(a) In a structure of the molecule. indicate the bond at which fragmentation occurs to give 
this 1on. 
(b) Give a mechanism for this fragmentation. 
(c) What is the structure of the fragment ion al тус = 71? t Hint: Apply what you know 
about carbocations. i 
12.18 Indicate whether the following peaks in the mass specirum of |-heptanal are odd-electron or 
even-electron ions. ( Don't attempt to give their structures. } 
(a)m/z = 83 (б)т/ = 70 (суту: = 56 (Арту = 4 
12.19 The mass spectrum of 2-chlorobutane shows large and almost equally intense peaks at m/z 
= 57 and m/z = 56. 
(a) Classify each peak as an even-electron or odd-electron ion. 
(b) What stable neutral molecule can be lost to give the odd-electron ion? 
(c) Suggest a mechanism for the origin of each fragment ion. 


The Molecular lon. Chemical-ionization Mass Spectra 


The molecular ion is the most important peak in the mass spectrum for two reasons, First, the 
m, z ol the molecular ion occurs at the molecular mass. and one of the most important uses of 
mass spectrometry is the determination of molecular mass. Second. the mass of the molecular 
Ion is the basis for the calculation of losses due to fragmentation. 

Unfortunately. a peak due te the molecular ion is weak or absent in some miss spectra. 
Consider, for example, the El mass spectrum of di-sce-butyl ether shown im Fig. 12.1 7a. The 
molecular mass of this ether is 130. A peak at this mass. however. is essentially absent. The 
three Most prominent peaks in the ET mass spectrum of di-sec-but | ether occur at m/z. - 101. 
тг = AT and т = 45 (base peak). The m/z = $101 peak correspond to à loss of 29 mass 
units (that js. an ethyl] group), and oceurs in the following way. First. the molecular ion is 
formed by [oss of an electron from the oxygen unshared pair: 

ra T 
CHCH;CH—O0 —CHCHSCH ——- CHACH SCH —O—CHCH.CH; (12.284 


CH: CH, UL CH, 
di-see-butyl ether molecular ten ob зо иу ether 
паг = 301 


(Remember from the discussion of Eq; 12.25 that unshared electrons are more easily removed 
than bonding electrons.) Nest, an ethyl radical is lost hy a process that mass speetromelrists 
call c-cfecveve and free-radical chemists call S-scission: 


| a-cleavage 
( B-scission) 
is + | + 
CHCA. CIO —GGHCHSICH; ——™ CI RECH., + 1—0 CHCH CH, кш. 
CH; CH, C.H CT, 
molecular ton of di-3ec-butvl ether uz] 


пуд = palit 


This ten reacts further by e-elimination of 2-butene (56 mass units) to give the base peak at 
түр = 45, 
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(а) El mass spectrum 
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(b) Cl mass spectrum 
Figure 12.17 Mass spectra of di-sec-butyl ether. (a) Electron-impact (El) mass spectrum. tb) Chemical-ionization 
(Cl) mass spectrum. The molecular ion at m/z = 130 is essentially absent in the El spectrum, whereas the molecu- 


lar ion (as the protonated ether at m/z = 131) is the base peak in the СІ spectrum. Notice that the CI spectrum has 
a smaller number of fragment ions that the El spectrum. 


+ 


£N 


+ | 

CH;CH—O-—CHCH; ——- СН;СН= OH + CHCH, (12.30) 
rai PRETI 
VS CHCH, m/z = 45 CHCH, 


nz = 101 


The w/z = 57 peak is formed by a process called inductive cleavage. which is nothing 
more than the radical-cation version of an S, 1-like dissociation: 


inductive cleavage 
| 3 E 


Е | + M 
CHRON. 9 Re бш + -O—CHCH;CH, (12.31) 
" = 
CH; CH, CH, CH; 


molecular ion of di-sec-butyl ether 
[mz = |30) 
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The decomposition mechanisms shown беге еса аре. B-elimimaton, and. inductise 
vleavage—are. very common decomposition mechanisms im the mass spectra ol molecules 
containing atoms wath unshared eleciron pairs. These processes lead to relatively stable 
cations. and this is why the molecular ton does nat survive, 

This example illustrates the point that we cannot he sure im many cases whether the ton ot 
highest mass in a cempound of un&mewn ишене is the molecular ton or a fragment ion, The 
question is. then. how can one determine with cerkunty the molecular mass ol an unknown 
compound? 

Recall that molecular ions in El mass spectra are formed by a highly energetic electron- 
bombardment process; When a molecular ion has a very high energy. it is likely to dissipate 
that energy by fragmentation. However. if we could form a molecular ion by а "softer" (less 
energetic) method, the tendeney of the ion ie undergo fragmentation would be decreased. An 
ionization method common]s used for this purpose is called chemical tenizatien. amd mass 
spectra derived from chemical ionization are called ehemical-ienization mass spectra, or CI 
mass spectra for short. 

In chemical ionization, the molecule of interest in the gas phase is not bombarded with 
high-energy electrons. Rather. iis treated wilh a source of gas-phase protons. ff the molecule 
contains а Basie site, it is protonated to give its vonjugate acid. In the ease of di-ec-buty1 ether. 
the basic site ts the oxygen lone pairs; and the ionization process is protonation of this oxygen 
(Seo. 8.71: 


H 


CH;CH,CH—O—CHCILCH,. +O Н CHACH-CH-OUCHCILCH, 446232 
-) | } 


| la gas phase 


CHL, CH; Ж ЫН, CH. 
proton seme! 
di-sec-butyl ether аниме acid of зен ether 
miro > 13] 


This conjugaie-aeid cation is an ever-electron ion: ib is not a radical cation, Ina C] mass spec- 
trum, the peak for this ion necessarily occurs one mass unit higher than the molecular mass of 
the molecule itself Because of the added proton. Because this ien is formed n a relatively low - 
energy process, it does nob fragment so readily as the molecular ion in the BI mass spectrum, 
The CT mass spectrum of di-sec-buty] ether is shown in Fig. L2.17h. This shows a prominent 
M c db aen at m/z = ТАГ, which is also the base peak. The relatively small number of frag- 
ments come from the loss of various neutral molecules from this ion. For example, the largest 
fragment peak at i/z = 75 arises from loss of 2-hutene in a B-elimination process analogous 
lo the one tn Ец. 12.30: 


H. [1 
| I 
CH,CH,CH—(O -CHcH —— ж Снн. [+ CHECI 112.33, 

| i — | | i 

CA. 4 \-CHCH, CH; CICIT, 
H u-— 

conjugate acid of di-sec-buly] ether ss 
mz- 131 


Typically. the muss speetroscops of a compound with unknown structure is imestigated by 
running both its bl and Cl mass spectra. The Cl mass spectrum typically gives a strong 
M = | peak that reveals the molecular mass M. The richer fragmentation pattern of the El 
spectrum ean then be used to deduce other aspects of the structure, 
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PROBLEMS | | , 
= 12.20. (a) The EI mass spectrum of CH,OCH.CH(CH,), (methyl isobutyl ether) contains only а 


=. 


Further Exploration 12.3 
The Mass 
Spectrometer 


trace of a motecular ion and a base peak at m/z = 45, which arises from a-cleavage. 
Show the a-cleaviise process and give the structure of the ion with mass = 45. 

thi The mass spectrum of methyl isobutyl ether does nor show a peak due to inductive cleav- 
age. in contrast to the mass spectrum of di-sec-butyl ether (Eq. 12.31). Use what you 
kno about carbocation stability to explain the absence of this peak. 

(c) What major difference(s) would you expect to find when comparing the CI mass spec- 
irum of methyl isobutyl ether wtth its ET spectrum? 

12.2] Show the elimination reactions that account for each of the following fragments in the Cl 
miss spectrum of di-sec-buty] ether (Fig. 12.17b). (Hint: B-Elimination reactions can also 
form C=O double bonds.) 

(а) мс = ТО (him/z—ll5 (Omi = 73 


The Mass Spectrometer 


A mass spectrometer must produce gas-phase tons, sort them bs mass, and detect the relative 
number of ions of each mass. We've alreads learned about two ways of producing bons: elgg- 
tron impact and chemical ionization, lon sorting in a conventional "magnetie-sectoer miss 
spectrometer depends on the fact that the paths of moving tons are bent bs a magnetic field. 
When subjected to a magnetic field. ions with large рег алеге a path of larger radius than 
ions OF smaller oi z Pig. LLIS. р. 370). Another ty pe ot ton sorting is called ипе Йи," 
г пр-т spectrometer differentiates rons bs rhe amount of ume i takes them to move 
through an electric Held. lons of «maller 2 z are accelerated anore easily by ihe electro Held. 
and ibus take less time to move through the feld, than ions of larger ves. Regardless of the 
п-к Method. jons are detected as an don current, The mass spectra im this text are agtu- 
ally. plots of relative ton currents versus nz. with the Jargest ron current (that is. the base 
peak? assigned a relative salue of UO. 

А moder mass spectrometer is an extremely sensitive instrument and can readily pro- 
duce а mass spectrum. from amounts. of material in the range of microerams (107^ g) to 
picograms (1077 3), For this reason, the instrument is very useful for the analysis of materi- 
als available m onb trace quantities, It has played a key rele in such projects as dhe analysis of 
drug levels in blood serum and the elucidation of the structures of insect pheromones (эше. 
1.9 that ите as atdlable only m minuscule amounts, [tis also an important tood in the modern 
forensics laboratory (Verine labo. 

One af the operating characteristics of a miss Spectromeler is gts reseduromn-—how well it 
separates tans of dilterent mass. A relatisely simple mass speetremeter readily distinguishes, 
over a total er z range ot several hundred. ions that differ in mass bs one unit; Моге complex 
mass Spectrometers, culled Ромо оо nutss кресле, can resolve tons that are sep- 
arabed m mass by onls afew thousandtBs ol amass unit; Why is such high resolution useful? 
Suppose an unknown compound has a molecular jon at яс — 124, Tho possible formulas 
for this ion are CH pO and C.H, Both formulas have the same nominal mass (that 1s. the 
sume mass to the nearest Whole number). However if the exact mass (the mass to four or 
more decimal places} t ealeulated for each formula tusing the values oF the most abundant 
Isatopes in Table 12.28 then different results are obtiuned: 


C.H..O. exact mass: ТОДА 


СМ: exactas 124,1252 
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Figure 12.18 Diagram of a magnetic-sector mass spectrometer, After ionization of the sample by electron bom- 
bardment,the ions are accelerated by a high voltage and are passed into a magnetic field B along a path perpen- 
dicular to the held. The field bends the paths of the ions; the paths of lower-mass ions (red) are bent more than 
those of higher-mass ions (blue). (See Further Exploration 12.3.) As the field is progressively increased, ions of in- 
creasingly higher mass attain exactly the correct path to enter the detection slit. 


The difference of 0.0364 mass units 15 easily resolved by a high-resolution mass spectrometer. 
Computers used with such instruments can be programmed to work backward from the exacl 
mass and provide an elemental analvsis of the molecular ion (and therefore the compound of in- 
terest) as well as the elemental analysis of each fragment in the mass spectrum! Because a mod- 
ern high-resolution mass spectrometer with its associated computer and other accessories can 
cost several hundred thousand dollars, it 15 generally shared by à large number of researchers. 

Before a compound can be analyzed by mass spectrometry, it must be vaporized. This pre- 
sents a difficult problem for large molecules that have negligible vapor pressures. Research in 
mass spectrometry has focused on novel ways to produce ions in the gas phase from large non- 
volatile molecules, many of which are of biological interest. In one technique. nicknamed 
MALDI (matrix-assisted laser desorption ionization), the material to be analyzed (analyte) is 
co-crystallized with a material, termed a matrix, that can absorb radiation from a laser. In a 
process that is not fully understood, bombarding the matrix—analyte mixture with light from 
the laser ultimately produces gas-phase ions of the analyte, which are analyzed by mass spec- 
trometry. In another technique, nicknamed ESI (electrospray ionization), a solution of the an- 
alyte is atomized in highly charged droplets. much as we might atomize perfume in a sprayer. 
This process results in the formation of highly charged molecules in the gas phase, and these 
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are analyzed by mass spectrometry. These techniques have made possible the analvsis of ma- 
terials with molecular masses in excess of 100,000. such as proteins, nucleic acids, and syn- 
thetic polymers. For their discovery and development of these techniques, John P. Fenn, of 
Virginia Commonwealth University, and Koichi Tanaka, of the Shimadzu Corporation in 
Tokyo, shared part of the 2002 Nobel Prize in Chemistry. 


KEY IDEAS IN CHAPTER 12 


Spectroscopy deals with the interaction of matter and 
electromagnetic radiation. Electromagnetic radiation 
is characterized by its energy, wavelength, and fre- 
quency, which are interrelated by Eq. 12.3. 


Infrared spectroscopy deals with the absorption of in- 
frared radiation by molecular vibrations. Ao infrared 
spectrum is a plot of the infrared radiation transmit- 
ted through a sample as a function of the wavenum- 
ber or wavelength of the radiation. 


The frequency of an absorption in the infrared spec- 
trum is equal to the frequency of the bond vibration 
involved in the absorption. 


The wavenumber or frequency of an absorption is 
greater for vibrations involving stronger bonds and 
smaller atornic masses (Eqs. 12.10 and 12.13). The 
smaller of two atomic masses involved in a bond vi- 
bration has the greater effect on the frequency of the 
vibration. 


The intensity of an absorption increases with the 
number of absorbing groups in the sample and the 
size of the dipole moment change that occurs in 
the molecule when the vibration occurs. Absorptions 
that result in no dipole moment change are infrared- 
inactive. 

The infrared spectrum provides information about 
the functional groups present in a molecule. The 
=C—H stretching and bending absorptions and 


the С=С stretching absorption are very useful for the 
identification of alkenes. The O—H stretching ab- 
sorption is diagnostic for alcohols. 


In electron-impact (El) mass spectrometry,a molecule 
loses an electron to form the molecular ion, a radical 
cation, which in most cases decomposes to fragment 
ions. The relative abundances of the fragment ions are 
recorded as a function of their mass-to-charge ratios 
m/z, which, for most ions, equal their masses. Both 
molecular masses and partial structures can be de- 
rived from the masses of these ionic fragments. 


Associated with each peak in a mass spectrum are 
other peaks at higher mass that arise from the pres- 
ence of isotopes at their natural abundance. Such iso- 
topic peaks are particularly useful for diagnosing the 
presence of elements that consist of more than one 
isotope with high natural abundance, such as chlorine 
and bromine. 


lonic fragments are of two types: even-electron ions, 
which contain no unpaired electrons; and odd-elec- 
tron ions, which contain an unpaired electron. 


In chemical-ionization (CI) mass spectrometry, mole- 
cules are ionized by direct protonation in the gas 
phase. Because this is a much gentler ionization tech- 
nique than El, a Cl mass spectrum typically contains a 
greater proportion of molecular ion (as its conjugate 
acid) than the El spectrum of the same compound. 


ADDITIONAL PROBLEMS 


„42 List the factors that determine the wavenumber of an 


infrared absorption. 


23 List two factors that determine the intensity of an in- 


frared absorption. 


24 Indicate how you would carry out each of the follow- 


ing chemical transformations. What are some of the 


changes in the infrared spectrum that could be used to 
indicate whether the reaction has proceeded as indi- 
cated? (Your answer can include disappearance as well 
as appearance of IR absorptions. ) 

tal ]-methylevelohexene —— methylcyclohexane 

(b) 1 -hexanol — 1-methoxyhexane 
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12.25 Which of the molecules in each of the following pairs 
should have identical IR spectra, and which should 
have different IR spectra (if only slightly different)? 
Explain your reasoning carefully. 

(a) 3-pentanol and (= )-2-pentanol 
(b) (R)-2-pentanol and (5)-2-pentanol 
OH 


eer: 


and 


“3 


Match each of the IR spectra in Fig. P12.26 to one of 
the following compounds. (Notice that there is no 


(Ci 


spectrum for two of the compounds.) 
(а) 1,5-һехаШепе (Б) |-methyleyclopentene 
(c) I-hexen-3-ol (d) dipropyl ether 


CHAPTER 12 * INTRODUCTION TO SPECTROSCOPY. INFRARED SPECTROSCOPY AND MASS SPECTROMETRY 


(e) trans-d-oclene (f) cyclohexane 


(g) 3-hexanol 


A former theological student, Heavn Hardley. 
has turned to chemistry and. during his eighth year of 
graduate study, has carried out the following reaction: 


uk Hs, catalyst о 
O 


() 
A i 


Unfortunately, Hardley thinks he may have mislabeled 
his samples of A and B. but has wisely decided to take 
an IR spectrum of each sample. The spectra are repro- 
duced in Fig. P12.27 on p. 574. Which sample goes 


with which spectrum? How do you know? 


(a) Given the stretching frequencies for the C —H 
bonds shown in calor. arrange the corresponding 


wavelength, micrometers 
55 6 7 


4.5 3 
100. y — 
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(spectrum 1) 
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Figure P12.26 (continues опр, 573) 
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bonds in order of increasing strength. Explain your (bi If the bond dissociation energy of the =C—H 
reasoning. bond is 548 kJ mol ^! (131 kcal mol"! ), use the 
H T stretching frequencies in part (2) to estimate the 
bond dissociation energy of the C —H bond in 
RCH =CH RCH, RCzC —11 RCH,—H., 
3080 ст! 2850 cm | 3300 cm ^! , 


wavelength, micrometers 


2.6 28 3 à5 4 4.5 5 55 б " 8 9 10 П 12 13 14 1516 
100 — ! - 


80 


60 


40 


20 


percent transmittance 


(spectrum 3) 
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Figure P12.26 (continued from p.572) 
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12.29 Arrange the following bonds in order of increasing 12.31 Explain why a nitro compound has two N—O stretch- 
stretching frequencies, and explain your reasoning. ing vibrations. (These typically occur at about 1370 
and 1550 cm ^!) 


C—C С=С C—O C—C 


О: О 
12.30 (a) The water molecule has three distinguishable mole- " + Nd 
А . — } -——m- R—N 
cular vibrations. Construct a diagram like Fig. 12.8 \ \ 
on р. 549 for the three vibrational modes of water. :О: О: 


(Hint: Each vibration at its extremes must change 
the molecule so that it can be distinguished from 
the molecule before the vibration occurs.) 

(b) Classify each vibration as a stretching or bending 
vibration. 


aie ) oe stretching absorption of an alcohol. 
CA SS tact fa i “as ay (b) Two unlabeled bottles, A and B, contain liquids. 
lions: 1595, 3652, and 3756 cm" '. Which аге 


Laboratory notes suggest that one compound 15 


stretching vibrations and which are bending vibra- (HSCH.CH,),O and the other is (HOCH,CH, ),S. 
tions? Explain. eee pU S. 


(2.32 (a) Explain why the S—H stretching absorption in the 
IR spectrum of a thiol is less intense and occurs at 
lower frequency (2550 cm" !) than the O—H 


The IR spectra of the two compounds are given in 
Fig. P12.32. Identify A and В and explain your 
choice. 


wavelength, micrometers 
2.6 218 3 35 4 45 3 £5 6 rj я 9 10 01 


Ed 
2d 


2 13 14 1516 
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percent transmittance 


(spectrum 1) | 
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(spectrum 2) 
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wavenumber, ст! 


Figure P12.27 


12.33 (a) You have found in the laboratory two liquids, C 


12.34 


and D, in unlabeled bottles. You suspect that one Is 
deuterated chloroform (CDCL) and the other is or- 
dinary chloroform (CHC1,}. Unfortunately, the 
mass spectrometer is not operating because the 
same person who failed to label the bottles has 
been recently using the mass spectrometer! From 
the [R spectra of the two compounds, shown in 
Fig. P12.33 on p. 576, indicate which compound is 
which. Explain. 

(by How would these compounds be distinguished by 
mass spectrometry? 


Rationalize the indicated fragments in the EI mass 
spectrum of each of the following molecules by 
proposing a structure of the fragment and a mechanism 
by which it is produced. 
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(a) CH; 


CH,CH;CH,—C— NH; 


CHCH, 
nifz = 72 


(b) 3-methyl-3-hexanol, m/z = 73 
(c) l-pentanol, m/z = 70 
(d) neopentane, m/z — 57 
12.35 Suggest structures for the following neutral molecules 
commonly lost 1n mass spectral fragmentation. 
(a) mass = 28 from a compound containing only C 
and H 
(b) mass = 18 from a compound containing C, Н, 
and О 
(c) mass = 36 from a compound with an M + 2 peak 
about one-third the size of the molecular ion. 


wavelength, micrometers 
6 Fi a 


i6 28 3 35 4 45 л. E 


percent transmiltance 


3800 3400 3000 2600 2200 2000 


1800 
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Figure P12.32 
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12.36 An alcohol A, when treated with NaH followed by 


СН]. gives a compound B with a strong M + 1 peak 
in its CI mass spectrum at m/z = 117. Compound A, 
known from other evidence to be a tertiary alcohol, has 
prominent fragments 1n its EI mass spectrum at әу: = 
87 and m/z = 73 (base peak). Propose structures for 
compounds A and B. 


12.37 A chemist, Поу Boronin. carried out a reaction of 


trans-2-pentene with BH, in THF followed by treat- 
ment with H,O,/~ OH. Two products were separated 
and isolated. Desperate to know their structures, [ov 
look his compounds to the spectroscopy laboratory 
and found that only the mass spectrometer was operat- 
ing. The mass spectra of the two products are given in 
Fig. Р12.37. Suggest structures for the compounds, 
and indicate which mass spectrum goes with which 
compound, 


12.38 


12.40 


Rationalize each of the following observations by pos- 

tulating a structure for the fragment 10n(s) and the 

mechanisms for their formation. 

ta) The El mass spectrum of |-methoxybulane shows 
fragment ions асту: = 56 and m/z = 45 (base 
peak i. 

(b) The Ei mass spectrum of 2-methoxybutane shows a 
base peak at m/z = 59. 


Explain why the mass spectrum of dibromomethane 
has three peaks at 2/2 = 172, 174, and 176 in the ap- 
proximate relative abundances |: 2 : 1. 


Predict the relative intensities of the three peaks in the 
mass spectrum of dichloromethane at m/z = 84. 86. 
and 88. 


wavelength, micrometers 
Fi & 9 JP N I 


percent transmittance 
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Figure P12,33 
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12.41 


12.42 


From the molecular masses and the relative intensities 

of their M and M + | peaks, suggest molecular formu- 

las for the following compounds. (Hint: Assume the 

major contributor to the M + 1 peak is "C, and use the 

relative abundance of the M + 1 peak to calculate the 

number of carbons.) 

(a) M (л/с = 86; 19%), M + | (1.06%): contains C, 
H. and О. 

(b) M m/z = 82; 37%), M + | (2.5%): contains C 
and H. 


suggest a structure for each of the tons corresponding 
to the following peaks in the ВІ mass spectrum of 
ethyl bromide, and give a mechanism for the formation 


of each ion, (The numbers in parentheses are the rela- 


tive abundances. } 

(а) тус = LIO(98%) (bez = 108 (100%) 
(d) m/z = 7O (5%) 
(Гурт = 2812550) 


(c) m/z = 81 (5%) 
(e) m/z = 29 (61%) 
(g) m/z = 27 (53%) 


relative abundance 


#0 п 100 110 


ü là 20 30 340 50 60 bü 90 
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12.43. А compound contains carbon. hydrogen, oxygen, and 


one nitrogen. Classify each of the following fragment 

ions derived from this compound as an odd-electron or 

an even-electron ion. Explain. 

(a) the molecular ion 

(hi) a fragment ton of even mass containing one 
nitrogen 

(c) a fragment ion of odd mass containing one nitrogen 


(a) Explain why ionization of a m electron requires less 
energy than ionization of a c electron. 

(b) Give the structure of the molecular ion of 1-heptene 
formed by ionization of a 7r electron. 

(c) Compare the molecular ion of I-heptene with the 
ion formed by the loss of water from I-heptanol 
(Eq. 12.26, p. 5641. Use this comparison ta 
explain why the mass spectra of 1-heptanol and ]- 
heptene are nearly identical. 


120 130 140 


100 110 120 1030 140 


mass-to-charge ratio m/z 
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Figure P12.37 


Nuclear Magnetic 


Resonance Spectroscopy 
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Infrared spectroscopy can be used to determine the functional groups present in a compound, 
and mass spectrometry provides the masses of a molecule and its coherent fragments. With 
rare exceptions, however, neither of these techniques gives enough information to define à 
complete structure. Another form of spectroscopy. nuclear magnetic resonance (NMR) spec- 
troscopy, enables us to probe molecular structure in much greater detail. Using ММК, some- 
times in conjunction with other forms of spectroscopy but often by itself. we can in many 
cases determine a complete molecular structure in a very short time. in the period since its 
commercial introduction in the 1950s, NMR spectroscopy has revolutionized organic chem- 
istry. This chapter presents the basic principles of NMR spectroscopy and shows how it is used 
in structure determination. 


AN OVERVIEW OF PROTON NMR SPECTROSCOPY 


NMR spectroscopy is used to detect nuclei, but only those nuclei that have a magnetic prop- 
erty called spin, which we'll discuss further in Sec. 13.2. The proton (ЇН) and a minor isotope 
of carbon with atomic mass = 13 (C) have spin and can therefore be detected with NMR. 
The common isotope of carbon "C does not have spin and cannot be detected with this 
technique. 

Historically, the first use of NMR in organic chemistry, and still a very important use, is for 
the detection of protons—hydrogen nuclei—in organic compounds. This type of NMR is called 
proton NMR, or 'H NMR. In the first part of this chapter we'll deal with proton NMR. 

The best way to begin a study of NMR is to look at a simple NMR spectrum. Consider the 
proton NMR spectrum of dimethoxymethane. which 15 shown in Figure 13.1. 


CHi;0— CH; — OCH, 


dimethoxymethane 
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chemical shift, 117 


Hn 1100 ЮКЕ [ ff ШШЕ Jua Go EDI ( 
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Пааа à absorption of 
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CH protons 


CH,O—CH;—OCH, | 
chemical shift | 

absorption of | 63.35 or 1005 Hz 

СТТ protons i 

chemical shift 


-—— — кре. à; 
ô 4,56 or 1368 Hz 


chemical shift, ppm (3) 


Figure 13.1 The proton NMR spectrum of dimethoxymethane. The lower axis is the chemical shift scale in parts 
per million (pom), and the upper axis is the chemical shift scale in frequency units (Hz). The peaks represent en 
ergy absorption by the protons of each chemical type. The small peak at the far right is from the protons of tetram 
ethylsilane (TMS), a reference standard added in small amount, 


This spectrum ts a plot of energy absorption on the y-axis versus relative frequency ot the ra- 
diation from which energy is absorbed on the x-axis. The absorptions detect the prefers in the 
molecule. The units on the lower horizontal axis; abbreviated о. are caled parts per million, 
or ppm. For now, don't be concerned about how these units are derived: you should simply 
view Шет as position markers on this axis. The numbers on the upper horizontal axis are fre- 
quency unils in hertz (Hz: the Hz was defined in Sec. 12.13. Frequency decreases from left 
lo right. as it does in an IR spectrum. 

The numbers on the ppm. or à, scale and the numbers on the frequency scale are propor- 
tional, For most of the spectra in this book, the trequeney numbers are exactly 300 times the 4 
numbers, That is. if the frequency numbers on the upper axis are symbolized by Az. then 


Е Ар 


б = (Арап Hz. m i MHz) SENE 


T 
where m, — 300 MHz. The proportionality constant m. in units of megahertz. or МНА, is 
culled the operating frequency of the NMR spectrometer. As the name implies. this is an op- 
erating characteristic of the NMR spectrometer, We'll learn more about this relationship in 
Scc. [3.3B. 

Peaks in an NMR spectrum are called resonances, absorptions, or lines. The position of 
an absorption on the horizontal axis is called its chemical shift, We usually express the peak 
positions in ppm—that is; we Use the lower horizontal axis, In this case, the chemical shift of 
an absorption is written with a o followed by the numerical value of the peak position; When 
we use the 5 notation, the units of ppm are implied and are not repeated. Thus. we see three 
peaks in Fig. 13.1: these have chemical shifts al 60, 5 3,35. and 64.56. Or. we can say that the 
spectrum contains peaks al 0. 3,35. and 4.56 ppm. 
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The rightmost absorption—thlie one at à 0—15 nor an. absorption of dimethoxymethane. 
Rather. this Is an absorption of teteamenisTsrlane (TMS, a compound added to each sample to 
pros ide a reference point. 


Ні СИ, 
| 
CH, 


tetramethylsilane (TMS) 


The absorption position of TMS delines the 8 0 posttton on the a-axis of each spectrum. TAIS 
ES used as a standard because it has a single strong absorption. itis chemically rather inert. and 
ils chemical shift is smaller than that of most common organic compounds. TMS also has a 
low boiling point (26.5 °C). which allows it to be removed easily if recovery of the sample is 
desired. 

The other two peaks the ones a 6 3,35 and 64.56 are the NMR absorptions of the pro- 
tons of dimethosymethane. Before reading further. сап you guess why there are 1& o absorp- 
trons. amd why thes hase different sizes? 

There are (Wo absorptions because there are two chemically distinguishable sets of protons in 
dimethosymethane, the CH. protons and the CH, protons, The resonance at 64.56 is the absorp- 
ноп of the CH. protons, and the resonance at ё 3.23 is the absorption of the CH, protons. This i- 
Justrates а very Important point about NMR: The ММК spectrum ef any compound contis a 
separate ғолопапсе (baring accidental oeverlapsi fer each chemically distinguishable (that is. 
chemiealiv попере set of nuclei eM discuss this point further in Sev; 13.30. 

The chemical shift of each absorption is determined by the nature ol nearby groups. Nearby 
axy gens Cor other electronegative atoms) cause shifts to the left to higher frequency. Thus, 
the carbon bearmg the CH. protons ts adjacent to ave oxs gens, whereas the carbons bearing 
the CH, protons are each adjacent to ore oxygen. The protons nearer the two oxygens (the 
CH. protons) have the greater chemical shift. This analysis dlustrates another important point 
about NMR: 771 chemical shifts of absorptions їп an NMR spectrum vary in a predictable 
wav with the chemival cavironment of the correspenuling protons, We ll discuss the effect of 
-tructure on chemical shift in See. 13:3C. 

The two peaks hase different sizes because different numbers of protons contribute to euch 
absorption. The resonance at ё 3.35 is larger because more protons (six) contribute to this res- 
опапсе than tothe resonanee ut e 4.56 (wo. In fact. ow H observe that tbe resonance at à 3,35 
Is about three times as tall. This illustrates vet another important aspect of NMR spectra: fhe 
Mice opa peak басыу, the area under the peak à 7s proportional to the number of protons COR- 
triburtug to the absorption. This means that we can count the protons of each chemical iv pe! 
We'll come Daek to this point in Sec. 1 3,3E. 

When a compound contains hydrogens on adjacent carbons. the NMR spectrum provides 
additional. sers powerful, information. We cuim cei die protons on adjacent carbons. This 
aspect of NM is not illustrated by the spectrum of dimethoss methane. because in this mole- 
cule no two carbons are adjacent, This additional capability ot NMR comes from a phenome- 
non culled хрл, which we'll discuss m Sec. ЕАУ, 

In summary. ММК provides three types of information: 


the chemical environments of cach set of protons tehemical shift) 
the number of protons within each set 
. the number of protons in adjacent sets 


мы [мш = 
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With these three types of informatton we eum im mans cases deduce completely the structures 
of unlaown compounds. Using these ideas. lets now consider the sarous aspects of NMR 
хреста in more detail, We begim by considering the NMR phenomenon itself. 


PHYSICAL BASIS OF NMR SPECTROSCOPY 


To understand NMR spectroscaps and to use iH ainielligently we must understand its physical 
basis; ММК spectrosvopy 15 based on the magnetie properties of nueler that result from a prop- 
erts called летене spin. 

Jusi as electrons have two allowed spin states, designated bs the quantum numbers +. and 

some инее also hase spin. The hydrogen nucleus 'H—the proton has a nuclear spin 
that also ean assume either of Wo values. designated by quantum numbers. H amd 

The physical signtticunee of nucfear spin is that the nucleus acts like a tiny magnet. You 
know from experience that magnets assume a preferred orientation in the presence of a mag- 
netic teld. {Ап example ts the orientation of a compass needle in the сатх magnelie бе. 3 
The same Is true of nuclei, which can be thought of as ппу magnets, Thus. the magnetic poles 
of hydrogen nuclei become oriented in a magnetic ekt, That is; when a compound containing 
hydrogens is placed in a magnetic field. its hydrogen nuclei become magnetized. 
ei in a chemical sample w ih arrows indicating their mag- 


Let's represent the hydrogen nue 
nete C north out) polarity. [n the absenee of à magnete Held, the nuclear magnetic poles 
are oriented randomly. After a magnetic Held is applied. the magnetic poles of nuclei with spin 
ob +. are oriented parallel to the magnetic field, and these of nuclei with spin of = are ori- 


ented antiparallel io the field. 


г a 


spin l (anniparalkel ta field i 
Appl: E 


йлн Tru 


p . a mE . 
| | spin > parallel to Т]! 


mo Пе!) magnetic feld 
direction 
The most important effect of the magnetic field for NMR is how it affects the energies of 
the two spin states of the proton. In the absence of a field, the two spin states hase the same 
energy. But when a magnete field is applied. the two spin states hase Дегени energies: the 
| spin state has lower energy iban the , spin state; The energy difference between the (o 
spin states ol a proton p, Ae. is given by the fundamental equation of NMR: 


пу 


ч 
1 Пт 


Ае B, 13.3 


in this equation. Z is Planck's constant (See. 121A), 3.99 x 10 U KJ s mol’: B, is the magni- 
tude of the magnetic Held at the proton. in gauss (rhymes with housek and y, is a fundamental 
vonstant of the proton. called the gyromagnetie ratio, The value of this constant is 26,753 ra- 
dians gauss”! «7, This equation shows that when the magnetic field is zero. there is no energy 
dilference bera een the spin states, as vou just learned; and as the magnetic field 18 inereasetl. 
the energy difference between the (wo spin states grows, as show ain Fre; 13.2 on n. 582. 

А typical Held strength used in modern NMR spectrometers is 70,500 gauss, This. bs the 
мал, PN a very aneng Magnetig fied! TF sou insert this value imo ky. 13.2. you can calculate 
that the energy. separation Ae, is abour 000012 kJ mol... This avery sai energy f I we 
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Figure 13.2 Effect of increasing magnetic feld at a proton on the energy diference between its + запа —;spin 
states (Eq. 13.2). The two spin states have identical energies when the field is absent, and the energy difference be- 
tween the two spin states grows with increasing held. 


treat this as if it were a АС? and calculate the equilibrium constant between the two spin states 
using Eq. 3.30b, we find that this energy corresponds to an equilibrium constant of 0.99995 16. 
This equilibrium constant is so close to unity that in any sample of one million protons, the dif- 
ference in the populations of the two spin energy states is very small—only about 20 or so pro- 
tons. Even though this is a minuscule difference, it is physically significant and is the basis for 
NMR. It takes а very large magnetic field to induce even this tiny energy difference between 
spin states. 

Here is where things stand: Molecules of a sample are situated in а magnetic field; each 
proton is in one of two spin states that differ in energy by an amount Де, and а small excess 
of protons have spin +3. If the sample is now subjected to electromagnetic radiation with en- 
ergy E, exactly equal to Ae, this energy is absorbed by some of the protons in the +5 spin 
state. The absorbed energy causes these protons to invert or "flip" their spins and assume а 
more energetic state with spin — A 


a few +1 spins absorb energy 
and become — 5 spins 


add 
radiation with 
energy E = Де, 


Е 
| 
ht] — 


(13.3) 
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the lower energy state 
has an excess of spins 
(a few spins per million} 


This absorption phenomenon, called nuclear magnetic resonance, can be detected in a type of 
absorption spectrometer called a nuclear magnetic resonance spectrometer, or NMR spec- 
trometer (Sec. 13.11). The study of this absorption is called NMR spectroscopy. This absorp- 
tion results in the peaks we see in an NMR spectrum, such as the one in Fig. 13.1. (Note that 
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the resonance phenomenon in NMR has оин whatever to do with resonance structures 
discussed in Sec. T4.) 


No radioactivity is mielved in an NMR experiment. The popular association ef the word near 
wilh the phenomenon of radieaetis ity is why magnetic resonance imaging (SIRE used extensively in 
пили, Wats nor eate um feear magnetic resenanee maging. MRI relies on the same NMR phe- 
nomenon used far determining molecular чад (Sec 13.121. 


To summarize: For nuclei to absorb energy, they must have a nuclear spin and must be sil- 
uated in a magnete field. Onee these two conditions are met. then the nuclei can be examined 
һу an absorption spectroscopy experiment that is conceptually the same as the simple experi- 
ment shown in Fig. 12.3, The absorption of energy corresponds physically to the “flipping” of 
пиледт spins drom a spin state of lower energs to one of higher energy, 

The frequeney of the electromagnetic radiation required for "spin Aipping™ of a set of pro- 
tons p van be calculated from the equation £, = Ar, and the energy derived trom Eq. 13.2: 


E. ie, y 
radiofrequency required for absorption = r, = hb ho 


B (13.4 


Г Tar n 


Using this equation, we ean verify that for a set of protons p that experience u magnetic field 
B, of 70.500 gauss. the frequency р required to ^spin-flip^ protons in that set is 300 x 10° 
H7. or 300 megahertz (MHz). This frequenes ts near the FM and hum radio bands: thus, the 
electromagnetic radiation used in NMR spectroscops consists essentially of radio waves. Typ- 
ical values of the frequency used i ММК experiments are between 60 MHz and 950 MHz. 
and the magnetic fields required vary propertionatels in accord with Eq. 13.4. Indeed, an or- 
dinars radio recerver located near ап NMR spectrometer and tuned to the appropriate. Ire- 
queney ean produce audible sounds associated with an NMR experiment. 

The SMR phenomenon was demonstrated in 1945 1946 «imulianeousts in the laboratories of phs si- 


cists Felix Bloch (1905-1983: at Stanford Unnersits and Edward M. Purcell (1912. 1997 at Harvard 
E nisersity Bloch and Purcell jeintls recen ed ihe 1952 Nobel Prize in Physics for their work in NMR, 


PROBLEM | : а 
РА (a) What frequency would be required to cause “spin flipping” in an NMR spectrometer in 


which the magnetic field at the proton is 117,400 gauss? 
(b) What magnetic field at the proton would be required to cause "spin flipping” in an NMR 
experiment in which the frequency imposed on the sample is 900 MHz? 


HE NMR SPECTRUM: CHEMICAL SHIFT AND INTEGRAL 


A. Chemical Shift 


In Fig. 13.1. you saw that the two chemically distinguishable types of protons in dimethoxy- 
methane have different efiemical shifts From our description of the NMR experiment in the pre- 
vious section, we now understand what this means? The two types of protons silualed in a mag- 
neve held absorb electromagnetic radiation at difieren frequencies. Because chemical shift tells 
us a great deal about structure, we need to understand the hastis of chemical shift. 

The key point in understanding chemical shift is Urat die focal magnetic field B, “sensed” 
by a proton ts different from the external inagnetic field By provided by tre NMR spectrometer: 
In general. B, fs somewhat less than By. The reason is that the electrons circulating in the vicin- 
иу of a proton exert their own magnetic fields that оррохе the external Held. The reduction of 
the local Held bs the eireulation of nearby electrons is culled shielding. Therefore. atoms of 
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relatively Jow elecirenegatbis ity. such as 81. near a proton inerease the electron density al the 
proton and thus tnerease the shielding of the proton from the external field; Comversely, more 
electronegative atomes such as O and Ci near à proton reduce the electron density at ihe proton 
und decrease the shielding of the proton. In summas, then, the local magnetic fiekl at à 
Shielded proton is smaller than the local field at a less shielded proton. 

Lers appls these ideas tothe chemical shift. in the NMR spectrum ol dimerhoxy methane 
iig. 13.11. 


fh T I 
CERO Shia |, 


dimcihoxymethane 


Let B, he the local magnetic field at protons e and B, be the local tield at protons Р, Because 
protons a are near nee oxy gens and protons ё are adjacent to only one oxygen. protons e arme 
less shielded than protons 5. Therefore. 


B, = B 


" h TERRE 


Bs multiplsinz both sides of this inequality by A, 277 and applying Eq. 134. we obtain the rel- 


alive absorption frequencies: 


Thus. protons e undergo resonance aba greater frequenes than protons Р, The chemical shiti 
ob uns protonin Ну is Черте as the dilferenee between the resonance Irequenes ot the pro- 
ton amd that of the protons in the reterenee compound ЕМА. Therefore. when we sublraet th 
resonanee frequenes or TMS Irom both sides of Fay. 13:50; we obian the relationship between 
the chemical shifts of protons e and hin Hy: 


{б Pa ZO P Baggy (їл. 
Ай. жр. ТЕЧ 
chemical shiii o£ Н" слепи ol H р А ЯКІЯ 


The frequency seale across the top of the NMR spectrum in Fig. ТА 1s the seule of these Av 
values, As vou ean see in Fig, 13.3, Ae is 1368 H^ and Ар is ТООХ Hz. These frequency dif- 
erenees are duc to the different chemical environments of protons a amd Р. These frequency 
differences are the chemical shifts in H^ ol the (vo proton sets. Therefore. the chemical shili 
ot protons e Is greater than that of protons Р. 

Bs dividing both sides of Eq. 13.5e bs the operating frequenevy of the spectrometer, d, is 
shown in ky. 13.1; we obtain the relationstiip between the to chemical shifts in ppm: 


Ан, AB, | | 

"us Arin Hz, coin MIEZ) TEXT 
[4 ГІ 
А c ЯКА 


The operating [requenes of the spectrometer used in most of the spectra in this text. meludimeg 
Fig. ТАЛ is 300 6 ТОНА. ог 300 MHz. Because we express Arin Hye and à im MHZ. the units 
of à are ports per ов. Thus, 6, = 4.56 ppm amd à, = 3.35 ppm. We can read chemical 
shifts in ppm directis [rom the seale on the lower horizontal axis of the spectrum. Notice that 
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Increasing local field at peatones 


creasing shielding of protons 


b a һ 
CH4OCH;OCH; 


Aw, = 1005 Hz 


Ар, = 1368 Hz 


б, dy, б = 0 : 
4.56 ppm 3.35 ppm (by definition) 


Increasing proton chemical elo 


Figure 13.3 Thespectrum of dimethoxymethane (Fig. 13.1) showing the effect of the local field on chemical shift. 
Different chemical shifts are a consequence of different local fields at protons in different chemical environments. 


chemical shifts in Hz are a very small fraction of the applied frequency. It follows that the rel- 
alive shieldings of protons a, protons 5. and the TMS protons are very small fractions of the 
external applied field. (See Problem 13.2.) 

In summary. the less shielded a proton is. the greater is its chemical shift. Protons с are less 
shielded, and thus have a greater chemical shift. than protons Б. This reduction in shielding 
(sometimes called deshielding) is a consequence of decreased electron density at the a pro- 
tons. These ideas are summarized in Fig. 13.3. 


13.2 What is the reduction in shielding of (a) protons с and (b) protons b relative to the protons of 
TMS in magnetic field units of gauss? The applied field in a 300 MHz NMR spectrometer is 
70,500 gauss. 
13.3 An NMR spectrum of a compound X contains four absorptions at 6 1.3, 6 4.7, 8 4.6, and 
65.5, respectively. Which absorption comes from the most shielded protons? From the least 
shielded protons? Explain. 


B. Chemical Shift Scales 


In the previous section, we learned thal a chemical shift can be expressed as a frequency dif- 
ference Xv in Hz or as a 6 value in ppm. Typically the 6 (ppm) scale is used for citing chemi- 
cal shifts for reasons that we'll explore here. 

The operating characteristics of a given NMR spectrometer are determined by the strength 
of its magnet—that is. by its applied field strength By. Closely related to the applied field 
strength is the operating frequency r of the NMR instrument. This is the resonance frequency 
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of a proton if it were subjected to the full, unshielded magnetic field of the instrument. This is 
calculated from Eq. 13.4. with B, = By 

H = i B, (13.7) 
Notice two things about this equation. First, the operating frequency and the applied magnetic 
field of an instrument are proportional. Second, if you know the applied field strength, you 
know the operating frequency, and vice versa. For example. Eq. 13.7 shows that if a spectrom- 
eter operates at a magnetic field of 70,500 gauss, its operating frequency must be 300,000,000 
Hz. or 300 MHz. А reference to a "300 MHz proton ММК spectrum" means that the spectrum 
was taken on an instrument with a magnetic field of 70,500 gauss. 

It turns out that chemical shifts expressed as frequency differences Av are also proportional 
to the field strength of the spectrometer. That is, if the applied field 1s doubled, the chemical 
shifts in Hz are also doubled. It happens that a variety of NMR instruments (and a variety of ap- 
plied fields) are used in NMR spectroscopy. Therefore, if chemical shifts were cited as fre- 
quency differences, we would also have to know the applied field or operating frequency for 
these shifts to be meaningful. It is more convenient to tabulate chemical shifts in а way that 
doesn't depend on the type of spectrometer used to obtain them. This is why the 8 scale is used. 

[ с. А» (їп Hz) 
6 (parts per million) = ——————— (13.1) 

р (in MH) 
This definition ensures that the field dependence is removed from 6 because both Av and v, 
are proportional to the applied field, and the field dependence thus cancels in the ratio. There- 
fore. the chemical shift of a proton in ppm in a given molecule is the same for any field 
strength and thus for any spectrometer (assuming the spectra are obtained under the same con- 
ditions of solvent, concentration, temperature, etc.). Thus, the Av (Hz) chemical shift of the 
CH, protons of dimethoxymethane (Fig. 13.1) depends on the field strength of the instrument, 
but the ó (ppm) chemical shift of these protons 15 4.56 on any spectrometer. Therefore, chem- 
ical shifts are conventionally cited in ppm. The chemical shift in frequency units, if needed, 

can be calculated from the operating frequency », and the definition of à in Eq. 13.1. 


[t is certainly not obvious from the NMR spectnim of dimethoxymethane why one would want to use 
а more powerful NMR instrument to obtain the spectrum. because the NMR spectrum of this com- 
pound is two single lines at any Heid strength. In later sections you will learn. however. that the use of 
high-field NMR instruments often gives simpler NMR spectra for many compounds. Higher magnetic 
fields also result in greater instrument sensitivity (that is. the ability to detect smaller concentrations}. 


PROBLEMS | i : 
) 13.4 Тһе spectrum in Fig. 13.1 was taken on a 300 MHz NMR instrument. What is the chemical 


shift, in Hz. of the CH, protons of dimethoxymethane in a spectrum taken on different instru- 
ments with the following applied magentic fields? 
(a)21.100 gauss (Б) 141,000 gauss 

13.5 Whatis the chemical-shift difference in ppm of two resonances separated by 45 Hz at each of 


the following operating frequencies? 
(а) 60 MHz (b)300 MHz 


C. Relationship of Chemical Shift to Structure 


Because the chemical shift of a proton is influenced hy nearhy groups, the chemical shift of a 
proton resonance gives information about the proton s chemical environment. As we've noted 
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TABLE 13.1 Effect of Electronegativity on Proton Chemical Shift 


Entry number Compound Chemical shift, б Electronegativity (Table 1.1) 
1 CH;F 4.26 F: 3.98 
2 CH,CI 305 Cl: 3.16 е 
3 CH,Br 2.68 Br: 2.96 
4 CH,| = 2.16 : 2.66 | 2 
5 CHCl, 5.30 
6 CHCl, 7,27 
7 CH,CCI; 270 
B (CH4),C 0.86 C 255 
g (CH,),51 0.60" Sk 1.90 
*By definition, | 


in the previous section, one of the most important factors that affects a proton's chemical shift 
Is the electronegativities of nearby groups. Some data that illustrate this idea are presented in 
Table 13.1. Examine these data using Problem 13.6 as your guide. 


PROBLEM | 
13.6 (a) Consider entries 1 through 4 of Table 13.1. How does the chemical shift of a proton vary 


4 


Further Exploration 13.1 
Quantitative 
Estimation of 

Chemical Shifts 


with the electronegativity of the neighboring halogen? 

(b) Compare entries 2, 5. and 6 of Table 13.1. How does chemical shift vary with the number 
of neighboring halogens? 

(c) Compare entries 6 and 7. How 1s the chemical shift of a proton affected by its distance 
from an electronegative group? 

(d) Explain why (CH,),S1 absorbs at lower chemical shift than the other molecules in the 
table. Can you think of a molecule with protons that would have a smaller chemical shift 
than TMS (that is, a negative 6 value)? 


You should have concluded from your examination of Table 13.1 that the following factors 
increase the proton chemical shift: 


1. increasing electronegativity of nearby groups 
2. increasing number of nearby electronegative groups 
3. decreasing distance between the proton and nearby electronegative groups 


The effect of electropositive groups (such as Si) 1s opposite that of electronegative groups. 

The basis of these effects, as we learned in the previous section, 1s the different magnetic 
shielding of protons by surrounding electrons in different chemical environments. The spec- 
trum of dimethoxymethane (Fig. 13.3) also illustrates these points. The CH, protons, which 
have the larger chemical shift, are adjacent to two oxygens, and are less shielded than the CH, 
protons, which are adjacent to only one oxygen, 

Although methods exist for estimating chemical shifts fairly accurately (Further Explo- 
ration 13.1), it is sufficient to learn for now the general chemical-shift ranges for protons in 
particular environments. The chemical shifts of protons bound to carbon in various functional 
environments are shown in Fig. 13.4 on p. 588. For example, notice in Fig. 13.4 that the a-pro- 
tons of an ether or alcohol have chemical shifts in the 6 3.2—4.2 range. 
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Figure 13.4 Approximate chemical-shift ranges for protons bound to carbon in various chemical environments. 


Two other general observations about chemical shift are worth remembering. The first has 
to do with the amount of alkyl substitution on the carbon to which a proton is bound. The 
chemical shifts of methyl protons (that is, the protons of CH, groups) are typically at the 
lower end of a given chemical shift range. The chemical shifts of methylene protons (that is. 
the protons of —CH,— groups) are a few tenths of a ppm greater and are likely to be near the 
middle of the chemical-shift range. Finally, the chemical shifts of methine protons 


(that is, —C—H protons) are typically greater still. The following chemical shifts for the 
a-protons of ethers illustrate this trend. 
CH; CH, 
H,C—O—CICH;), CH4CH;—O0— CH.CH; HC —GCBM-—G —CE-—GH; 


| \ / W 


methyl protons methylene protons methine protons 
б 3,22 6 3,45 ё 3.67 
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The second observation about chemical shift applies when a proton is near more than one 
functional group. In such a case, chemical shifts are affected by both groups. The following 
examples illustrate this point. 


CH,CH,—O—CH.CH,  H4CO—CH,—OCH, 


X 7 | 


methylene protons methylene protons 
CE to one oxvgier e io two oxygens 
TER & 6 4.56 
C] CH; С] 


H,C—CH—CH,—CH,  H,C—CH—CH—CH. H,C-~CH—CH=cH, 


| | | 


methine proton methine praton methine proton 
t to à chlorine e 1o à double bond & to both a chlorine 
B 35,95 allylic proton? and a double bond 
à 2.63 84.53 


Entries 2, 5, and 6 in Table 13.1] also illustrate the same point. 


13.7 In each the following sets, the NMR spectra of the compounds shown consist of a single res- 
onance. Arrange the compounds in order of increasing chemical shift, smallest first. 
(a) CHCl, Сн, CH;l 


Á В C 
(bi CH; CH, 


CI—CH,CH,—Cl ССС] MGE E а CI —CH,—Cl 


n CH; CH; с с р 
В C 
{с} (СН), С (CH;)45n (СН, )481 
А В С 


(Hint: Consider trends in electronegativity.) 


D. The Number of Absorptions in an NMR Spectrum 


How do we know whether the different protons in a molecule will show different absorptions? 
This is equivalent to asking whether different protons have different chemical shifts. Protons 
have different chemical shifts when they are in different chemical environments. In many 
cases, deciding whether two protons are in different chemical environments is nearly intuitive. 
For example. in dimethoxymethane, CH,O—CH,—OCH,, the chemical environment of the 
CH, protons is different from that of the CH, protons. But this distinction is not so intuitive in 
every case. The discussion in this section will allow us to decide rigorous!v whether we can 
expect two protons to have different chemical shifts. 

Predicting chemical-sluft nonequivalence is the same as predicting chemical nonequiva- 
fence. If you have read and understood Sec. 10.8A, you already know how to do this. (If you 
haven't studied Sec. 10.8A, you should do so before reading further.) Chemically nonequiva- 
lent protons in principle have different chemical shifts. (The qualifier “in principle" is used be- 
cause it is possible for chemical-shift differences to be so small that they are undetectable.) 
Chemically equivalent protons have identical chemical shifts. 
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Study Problem 13.1 


Recall from Sec. 10.8A that constitutionally nonequivalent protons are chemically non- 
equivalent. You can tell whether two protons are constitutionally equivalent by tracing their 
connectivity relationships to the rest of the molecule. For example, the CH, protons and the 
CH, protons of dimethoxymethane (Fig. 13.1) have a different connectivity relationship; con- 
sequently, they are constitutionally nonequivalent. This means that they are chemically non- 
equivalent and thus have different chemical shifts, as we have seen (Fig. 13.1). 

Recall also from Sec. 10.8A that diastereotopic groups are constitutionally equivalent but 
are chemicallv nonequivalent. It follows, then, that diastereotopic protons in principle have 
different chemical shifts. 

In contrast, enantiotopic protons are chemicallv equivalent as long as they are in an achiral 
environment, Thus, in an achiral solvent such as ССІ, or НССІ,, enantiotopic protons have 
identical chemical shifts; but in an enantiomerically pure chiral solvent, enantiotopic protons 
in principle have different chemical shifts. 

Finally, you learned in Sec. 10.8A that homotopic protons are chemically equivalent. Thus, 
homotopic protons have identical chemical shifts under all circumstances. 

Study Problem 13.1 shows how to apply the results of Sec. 10.8A to the determination of 
chemical-shift equivalence and nonequivalence in some cases involving constitutionally 
equivalent protons. 


In each of the following cases, the labeled protons are constitutionally equivalent, Determine 
whether the labeled protons in each case are expected to have identical or different chemical 
shifts. 


(a) a Cl (b) ү ic) H” СІ (di j 
C=C H,C—C—OH JM MS CH40—C—OCH; 
H” CH; Н? н? |, 


Solution Apply the principles of Sec. 10.8A to determine whether the protons in question аге 

chemically equivalent. If the two protons are chemically equivalent, they have the same chemical 

shift. If not, their chemical shifts are different in principle. Because it is given that the protons in 

question are constitutionally equivalent, we need to determine only whether the protons are 

diastereotopic, enantiotopic, or homotopic. 

(a) Perform the substitution test (Sec. [0.8A) on protons H* and H*; that is, replace H^ and H* in 
turn with a circled proton, and examine the relationship between the resulting compounds: 


He Cl 
\ / 
С=С 
ма 


Н 


CH; 

replace "i bm H! 
H Cl 
+. wet 
r - 
\ М 


Remember to think of an "H" and a "circled Н” as different atoms. The two compounds that 
result are E,Z isomers and are therefore diastereomers. Consequently, Н“ and H” are di- 
astereotopic and are therefore chemically nonequivalent. They are expected to have different 
chemical shifts. 
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(b) Carry out the substitution test on the two a-protons of ethanol: 


ras 
H” vi Est CH Р 
н? 
replace H^ replace Н" 
P d E к 
ОН ОН OH 


| | reae PROC | 


РЕ 297: E. s 
("7 — CH, H A CH; н.с VD 


Н 


-| enantiomers 


Because the resulting structures are enantiomers, the two hydrogens are enantiotopic and have 
the same chemical shift (in an ordinary achiral solvent). 

(c) Carry out the substitution test on protons H^ and H^ of 2-chlorobutane. Notice that the mole- 
cule prior to the substitution test contains one asymmetric carbon. Choose a particular config- 
uration (2R or 25) for this carbon (25 is used below) and maintain whatever configuration you 
choose throughout the substitution test. 


H С! 
HC rw 

E “(25) CH; 

£N 

Н? Н“ 
герјасе А Ега H^ 
H Cl H С 
^ E 


HG Jd | | Hs 
3 bw ^ CH, 3 ue CH, 
H ko Н 


(25,35) (2R,35) 


Because diastereomers are obtained in the substitution test, these protons are diastereotopic 
and hence chemically nonequivalent. These protons have different chemical shifts. 

(d) This is dimethoxymethane (Fig. 13.1). A substitution test shows that these two protons are 
homotopic, (Do this test!) Thus, they have identical chemical shifts. That is why a single 
resonance is observed for these protons in the NMR spectrum. Likewise, the two CH, groups 
are homotopic, and, within each of these groups, the three protons are also homotopic. Thus. 
a single resonance is observed for all six CH, protons. 


Two of the most common situations in which diastereotopic protons are encountered are di- 
astereotopic protons on a double bond, as in part (a) of Study Problem 13.1: and diastereotopic 
protons of methylene groups within a molecule containing an asymmetric carbon, as in part 
(c) of Study Problem 13.1. These protons are chemically nonequivalent and have different 
chemical shifts. Unless vou are particularly alert to these situations, it 1s easy to regard such 
groups mistakenly as chemically equivalent. 
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[t is important to understand chemical-shift equivalence and nonequivalence because ie 
minimum number of chemically nonequivalent sets of protons in a compound of unknown 
structure can be determined by counting the number of different resonances in its NMR spec- 
trum. (The "minimum" qualifier 1s used because of the possibility that the resonances of 
chemically different groups might overlap.) Hence, the simple act of counting resonances telis 
you a great deal about chemical structure! 


ыала: 13.8 Specify whether the labeled protons in each of the following structures would be expected to 


have the same or different chemical shifts. 


Lo = 
put b p Jl \ h 
HC cH, В CH; 
tc) a (Ч) H* 


13.9 How many different absorptions are observed 1n the spectrum of each of the following com- 


paunds? 
[a) HLC pes (b) J it} НС СІ 
е CI H,C —C—CH 
(CH3)4C CH; ү ү. 


Counting Protons with the Integral 


The two resonances of dimethoxymethane in Fig. 13.1 are not the same size because the size 
of an NMR absorption depends on the number of protons contributing to it. The intensity of 
an NMR absorption is determined not from its peak feight, but rather from the total area 
under the peak, called the integral. This quantity can be determined by mathematical integra- 
tion of the peak using more or less the same integration procedures used in calculus to deter- 
mine the area under a curve, NMR instruments are equipped with an integrating device that 
can be used to display the integral on the spectrum. Such a spectrum integral is illustrated in 
Fig. 13.5 for the dimethoxymethane spectrum as the red curve superimposed on each peak. 
The relative height of the integral (in anv convenient units, such as millimeters or inches) is 
proportional to the number of protons contributing to the peak. You can verify with a ruler that 
the relative heights of the integrals in Fig. 13.5 are in the ratio 1:3, and the relative numbers 
of protons are 2 and 6, respectively, also in the ratio 1: 3. 

In modern NMR spectrometers, the computer that controls the NMR instrument calculates 
the integrals and displays them in arbitrary units, which are shown in red above each resonance 
in Fig. 13.5. Thus. the relative integrals of the two resonances in Fig. 13.5 are given as 1372 and 
4158 units, respectively, It is not the integral numbers themselves but rather the ratios of these 
numbers that are important. Thus, the two integrals are in the ratio of 1: 3.03, or, in whole num- 
bers, 1: 3. (А few percent error in the integrals is quite common.) Because the integral gives us 
the ratios of hydrogens of each type. in some cases the absolute number of hydrogens is am- 
biguous. Thus, if the spectrum in Fig. 13.5 had been that of an unknown compound, the inte- 
grals in Fig. 13.5 could have corresponded to 8 hydrogens in the ratio 2H ; 6H. 12 hydrogens in 


13.3 THE NMR SPECTRUM: CHEMICAL SHIFT AND INTEGRAL 593 


chemical shift, Hz 


2400) 2100 1800 1500 1200 300 eu AMO ü 


absorption of numerical 
the CH; protons value of the 
4158 ———— integral 


numerical 


CHO- CH OCH, Meg 


integral 


absorption of 
the CH; protons 


integral of the 


CH; protons 


integral of 
the CH; protons 
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Figure 13,5 The NMR spectrum of Fig. 13.1 with superimposed integral. The integrals are the red curves. The 
heights of the integrals are indicated by the purple arrows. The red numbers are the values of the integrals in ar- 
bitrary units. The integral heights and the integral numbers have no absolute significance; the relative heights and 
relative numerical values of the integrals are proportional to the number of protons in each set, 


the ratio 3H : 9H. or to some other multiple of 4 hydrogens, In that situation, we would have 
needed a molecular formula to decide between these alternatives. 

In this text. integrals of NMR spectra will he presented in three different ways. Іп some of 
the spectra in this text, rhe integral values will be given as numbers shown in red over their cor- 
responding resonances, as in Fig. 13.12 on p. 608. In a few spectra, the integral curve will he 
shown as in Fig. 13.5. In other spectra, the integral will be calculated for you, and the actual 
number of hydrogens will be indicated in red over each resonance, as in Fig. P13.49 on p. 641, 

If a sample contains more than one compound. the spectrum intensity of each compound is 
proportional to its concentration. Thus, the intensity of the TMS peak in most spectra ts very 
small hecause it is added in very low concentration. For example. in Fig. 13.5, if the TMS 
were in the same concentration as dimethoxymethane, its resonance would be twice the inten- 
sity of the à 3.35 resonance because it represents twice the number of protons—that is. 12 
equivalent hydrogens. In fact. another advantage of TMS 15 that, because of its large number 
of equivalent hydrogens, very little of it must be added to obtain a measurable reference line. 


Using the Chemical Shift and Integral to Determine 
Unknown Structures 


Let's summarize the main ideas of the previous sections that will be useful in applying NMR 
spectroscopy to the solution of unknown structures. 

First, each chemically nonequivalent set of protons in a molecule gives (in principle) a dif- 
ferent resonance in the NMR spectrum. Thus, the number of absorptions in principle indicates 
the number of chemically nonequivalent sets of protons. Next. the chemical shift of a set of 
protons provides information about what groups are nearby. Finally. the integral of each ab- 
sorption is proportional to the number of contributing protons, Thus, the integral indicates the 
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aa 


STUDY GUIDE LINK 13.1 
Approaches to 
Problem Solving 


Study Problem 13.2 


Step 1 
step 2 
Step 3 


Step 4 


Step5 


Step 6 


relative numbers of protons in each nonequivalent set. If the total number of protons is known 
(from an elemental analysis and molecular mass determination), then the absolute number of 
protons in each set can be calculated. 

These ideas are incorporated into the following systematic approach for the determination 
of unknown structures by NMR spectroscopy: 


І, 


ы 


Write down everything about the molecular structure that 1s known from the molecular 
formula, including the unsaturation number and the functional groups that might be 
present. 


. From the number of absorptions. determine how many chemically nonequivalent sets of 


hydrogens are in the unknown. 


, Use the total integral of the entire spectrum and the molecular formula to determine the 


number of integral units per proton. 


. Use the integral of each absorption and the result from step 3 to determine the number 


of protons in each set. 


. From the chemical shift of each set, determine which set must be closest to each of the 


functional groups that are present. 


. Write down partial structures that are consistent with each piece of evidence, and then 


write down ail possible structures that are consistent with alf of the evidence. 


‚ Use Fig. 13.4 to estimate the chemical shifts of the protons in each structure, and, if pos- 


sible, choose the structure that best reconciles the predicted and observed chemical 
shifts. 


This approach is illustrated in Study Problem 13.2. 


An unknown compound with the molecular formula С.Н, ,Br has an NMR spectrum consisting of 
two resonances, one al 6 1.02 (relative integral 8378 units), and the other at 63.15 (relative inte- 
eral 1807 units). Propose a structure for this compound. 


Solution Follow the seven steps. 


Because the unsaturation number is zero (Eq. 4.7. p. 139), the compound has no rings or double 
bonds; it is a simple alkyl halide. 


Because the spectrum consists of two lines (absorptions), the compound contains (barring acci- 
dental overlaps) only two chemically nonequivalent sets of hydrogens. 


The total integral is (8378 + 1807) = 10,185 units; because the molecular formula indicates 11 
hydrogens, the integral corresponds to 10,185/11 = 926 units per hydrogen. 


The larger peak accounts for (8378/926) = 9.05 protons; the smaller peak accounts for 
(1807/926) = 1.95 protons. Rounding these to whole numbers. the two peaks are in the ratio 9: 2. 
(Remember, integrals in many cases contain errors of a few percent.) Notice that all |! protons 
have been accounted for. 


Because of its greater chemical shift, the two-proton sel must be closer to the bromine than the 
nine-proton set. 


A partial structure consistent with the conclusion of step 5 is 


| 
dime 
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Comparison of this partial structure with the molecular formula shows that three carbons and nine 

protons are missing from this partial structure, The nine protons are chemically equivalent. 

Adding three methyl groups to the preceding partial structure gives the correct structure: 
(CH,,C—CH;— Br 


| 


61.02 (9 hydrogens) 63.15 (2 hydrogens) 
neopentyl bromide 
Step 7 According to the discussion of chemical shifts, methylene protons a to a bromine should have а 
chemical shift in the middle of the range shown in Fig. 13.4, about 63.4; the observed shift 1s 


very close to this value. The shift of the methyl protons should be in the alkyl region, about 6 1.2: 
the observed shift is also quite close to this value. 


CROBLEMS 13.10 In each case, give a single structure that fits the data provided. 
(a) A compound C;H ;СІ has two NMR absorptions at 6 1.08 and 6 1.59, with relative inte- 


grals of 3: 2, respectively. 
(b) A compound C.H,Cl, has three NMR absorptions at 8 1.99, 64.31, and 66.55 with rel- 
ative integrals of 6: 2: 1, respectively. 
13.11 Predict the NMR spectrum, including approximate chemical shifts, of the following com- 
pound. Explain your reasoning. 


ies 
CH40—CH;,—C—CH;—OCH, 


Сн, 
OCH, 


13.12 Strange results in the undergraduate organic laboratory have led to the admission by a teach- 
ing assistant, Thumbs Throckmorton, that he has accidentally mixed some tert-butyl bro- 
mide with the methyl iodide. The NMR spectrum of this mixture indeed contains two single 
resonances at 6 2.2 and д 1.8 with relative integrals of 5: 1. 

(a) What is the mole percent of each compound in the mixture? (Hint: Be sure to assign each 
absorption to a compound hefore doing the analysis.) 

(b) Which would be more easily detected by NMR: | mole percent CH,I impurity in 
(CH,),C—Br, or 1 mole percent (CH,),C—Br impurity in CH,I? Explain. 


13.4 THE NMR SPECTRUM: SPIN-SPIN SPLITTING 


Although substantial information can be gleaned from the chemical shift and integral, another 
aspect of NMR spectra provides the most detailed information about chemical structures, 
Consider the compound ethyl bromide: 


Pri 


[+ 
ERIS — Cd; Bf 


This molecule has two chemically different sets of hydrogens. labeled a and b. We expect to 
find NMR absorptions for these two sets of protons in the integral ratio 3 : 2, respectively. with 
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chemical shift, Hz 
2400 2100 1800 1500 1200 900 600 300 0) 


= 72 Hz 
= i 
L| 


| 
1 
і 


CH3CHjBr 


chemical shift, ppm (6) : 
chernical shift chemical shift 
of the CH; af the CH, 


protons (63.43)| | protons (6 1.67) 


Figure 13.6 The NMR spectrum of ethyl bromide illustrates splitting. The resonance for the CH, protons is split 
into a three-line packet, or triplet, because the adjacent carbon has two protons. The resonance for the CH, protons 
is split into a four-line packet, or quartet, because the adjacent carbon has three protons. Notice that splitting gives 
the number of protons on adjacent atoms. Splitting patterns contain n + 1 lines, where nis the number of protons 
on adjacent atoms. The separation between lines within each packet (in this case, 7.2 Hz) is /, the coupling constant. 


the absorption of protons a at smaller 6. The NMR spectrum of ethyl bromide (bromoethane) 
is shown in Fig. 13.6. This spectrum contains more lines than you might have expected—seven 
lines in all. Moreover, the lines fall into two distinct groups: a packet of three lines. or triplet, al 
smaller б; and a packet of four lines. or quarter, at higher б. These packets are expanded hori- 
zontally in boxes on the spectrum so that their details can be seen more clearly. It turns out that 
all three lines of the triplet are the absorption for the CH, protons, and all four lines of the quar- 
tet are the absorption for the CH, protons. (The relative integrals of the triplet and quartet. 
shown in red, are 3: 2, respectively.) The chemical shift of each packet of lines, taken at its cen- 
ter. is in agreement with the predictions of Fig. 13.4. The quartet and the triplet have total inte- 
grals, respectively, in the ratio 2 : 3. 

When an NMR resonance for a set of equivalent nuclei appears as more than one line, the 
resonance is said to be split. Splitting arises from the effect that one set of protons has on the 
NMR absorption of neighboring protons. The physical reasons for splitting are considered in 
Sec. 13.4B. First. let's focus on the appearance of the splitting pattern and the information и 
provides about structure. 


The n + 1 Splitting Rule 


While the integral gives a proton count for each resonance, the splitting pattern gives a differ- 
ent proton count, namely, the number of protons adjacent to the protons being observed. The 
relationship between the number of lines in the splitting pattern for an observed proton and the 
number of adjacent protons is given by the п + 1 rule: n adjacent protons cause the reso- 
nance of an observed proton to be split into n + 1 fines. 
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Lers sec how Шен с 1 rule accounts for the splitting patterns in the spectrum of ethyl hro- 
mide. Consider liest the resonance Por the meth Li CTI) protons; Because the carbo edjacent 
to the CH, group has (vo protons, the resenancee for the CH, protons themselves is split into a 
pattern o2 7 E Adines hai is a zeipfer : The fact that there are also three methyl protons 
IS a coimeidenmee: the number of protons determined bs the integral Bas norme to do with their 
spilling, i 

NOW consider the resonance of the meth lene (C11. protons. Because the carbon eefacent 
lo the CH. group has three equisalent protons, the resonance for the CET. protons is split into 
a patern of 35 — | 4 плех аах, a quant. 

Splitting is ау mutual: that is. f protons e split protons Р. then protons ^ split protons e. 
Thus, in the eths | bromide spectrum, the CH, resonance is split by ihe CH. protons. and the CH- 
resonance is split hy the CH, protons. When two sets of protons split each other, they are said lo 
be coupled. Hence. the CH, and the CH. protons of ehy | bromide are voupied. 


3 Hs on adjacent carbon; 3 + | | lines (a quartet ) 
Н. дый — В 
2 Hs on adjacent carbon; 2 + | = 3 lines (a triplet) 


Whs is no spliuing observed in our previous examples o£ NMR spectra? First of ull. хр 
ting is nop observed benween chemically equivale hwverogens. Thus, the three hydrogens of 
methsl iodide appear as а singlet because these hsdrogens are chemically ери ети. Like- 
wise. the two hydrogen of 1.1.2.2-etraenloroethane also appear as a singlet because these 
two hydrogens, even Rough tev are en difjerent carbons, are пепле equivalent. 


Foe] CECIL— CHEL 
methyl iodide 1,1,2.2-1etrachloroethanc 
hvdrogens are chemically hydrogens are chemically 
equivalent; no splitting equivalent; no splitting 
[Is obser ec. Ix observed, 


Second, with анине carbon atoms, splitiing is normally nor observed benveen protons он 
ной исен carbon atoms. Thus, because the protons in dimethexymethane (Fig. 13.1) are on 
нене сен carbons, their splitting is negligible: the hwo absorptions in the NMR spectrum of 
Lis compound are ушет tunspli single linest. 

Spliting provides connectivity information: when vou observe the resonmunee of one pro- 
ton, its splitting tells sou hos many protons are on adjacent atoms. As an analogy, suppose 
sou were describing a puppy to à person who has never seen one. Its one thing to say that a 
pupp has four legs in io nonequisalent sets of (yo £s much more revealing when vou say 
that one set ds attached 10 the body atthe end near the head and the other is иа ей to the Bod, 
at the end near the tail. Is the connectivity information that allows the more complete de- 
scription of the puppy. 

Now let's consider some of the details of splitting. The spacing between adjacent peaks of 
a splitting pattern, measured in Hz. ts called the coupling constant (symbolized bs 41. This 
"pacing ean be measured approximately with a ruler using the Hz scale on the upper horizon- 
lal axis af the spectrum, but the exact value is determined trom analysis of the spectrum by 
vomputer, bor ethyl bromide (Fig. 13.6), this spacing is 7.2 Hz. Two coupled protons mus 
have the sume value op У. Thus. the coupling constants for both the CH, protons and the CH, 
protons or ety] bromide are the same because these protons split each other. Letting the CH; 
protons be e and the CH, protons be A. then, =. The coupling constant, unlike the chem- 
eal «hift in Hz (Eg. 12.30. р. 58431. does nat sary with the operating frequency or the applied 
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IJ Relative intensities of Lines within Common NMR Splitting Patterns 


Number Number of lines 
of equivalent in splitting Relative line intensity 
adjacent protons pattern (name) within splitting pattern 
0 (singlet) - 
1 2 (doublet) 1 1 
2 3 (triplet) ] 2 1 
3 4 (quartet) 1 3 3 1 
4 5 (quintet) 1 4 б 4 1 
E: 6 (sextet) 1 3 10 10 5 1 


6 7 (septet) 1 6 15 20 15 6 1 


magnetic field strength. Thus, the value of J for ethy] bromide is 7.2 Hz whether the spectrum 
is taken at 60 MHz or 300 MHz. 

The chemical shift of a split resonance in most cases occurs at or near the midpoint of the 
splitting pattern, Thus, in the ethyl bromide spectrum, the chemical shift of the CH, protons 
can be taken to be the midpoint of the quartet, and that of the CH, protons is at the middle line 
of the triplet. 

How do you know whether a group of lines is a single split resonance rather than several 
individual resonances with different intensities? Sometimes there is ambiguity, but in most 
cases a splitting pattern can be discerned by the relative intensities of its component lines. 
These intensities have well-defined ratios, shown in Table 13.2, For example, the relative in- 
tensities of a triplet, such as the one in ethyl bromide, are in the ratio 1:2:1; the relative inten- 
sities of a quartet are 1:3:3:1. [n reality, slight deviations from these ratios occur. but these 
deviations become significant only when the chemical shifts of the coupled protons are very 
similar. We'll see an example of this behavior in Sec. 13.5. 

A set of protons can be split by protons on more than one adjacent carbon. An example of 
this situation occurs in 1.3-dichloropropane, the NMR spectrum of which is shown in Fig. 13.7. 


b й b 
GCI—CH;—CH;—CH;—t] 


This molecule has two chemically nonequivalent sets of protons. labeled a and 5. The key 
to understanding this spectrum is to recognize that all four protons H^ are chemically equiva- 
lent. The absorption for Н" is therefore split into a quintet because there are four protons on 
adjacent carbons: the fact that two of the protons are on one carbon and two are on the other 
makes no difference. The absorption for Н? is a triplet that appears at larger chemical shift. 


ROBLEM 13.13 Predict the NMR spectrum of each of the following compounds, including splitting and ap- 


proximate chemical shifts. (Assume that the coupling constants are about the same as those 
for ethyl bromide.) 
(a H,C—CHCL  (bCICH,—CHCL (с) CH, 


HG] 
(d) CH,O—CH,CH,.CH.—OCH, (е) | | (f) CI —CH; — C(CH;), 
e | 
Cl 
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chemical shift, Hz 


2400 2100 | 80 | 200 1200 900) 600 300 ü 


hydrogens b 


h b 
CICH,CH,CH.CI 


| hydrogens a 


8 jl 6 5 j 3 2 1 0 
chemical shift, ppm {8} 


Figure 13.7 The NMR spectrum of 1,3-dichloropropane. Hydrogens a are split by ali four hydrogens b. 


Why Splitting Occurs 


Splitting occurs because the magnetic field caused by the spin of a neighboring proton affects 
the total field experienced by an observed proton. To see this. let's analyze the absorption of a 
set of equivalent protons a (such as the methyl protons of ethyl bromide) adjacent to two 
equivalent neighboring protons b. What are the spin possibilities for the neighboring protons 
b? In any one molecule. these protons could both have spin + 5: they could both have spin 
— 5: or they could have differing spins. 


(13.8) 


combinations 


(The spins of the 5 protons can differ in two ways: proton ] can have spin +7 and proton 2 
spin — 5, or vice versa.) 

Suppose that the a protons are next to two 5 protons with a spin of + Because the spins of 
these b protons are parallel to the applied held, they augment the applied field, and thus the a 
protons are subjected to a slightly greater field than they would be in the absence of the Б pro- 
tons. Hence. rf radiation of higher energy (and frequency) is required to bring the a protons into 
resonance. The result is a line in the splitting pattern at Aigher frequency (Fig. 13.8, p. 600). 
Now suppose that the a protons are next to two b protons with a spin of — Я Because the spins 
of these 5 protons are antiparalle] to the applied field, they subtract from the applied field, and 
as a result the п protons are subjected to a slightly smaller field than they would be in the ab- 
sence of the $ protons. Hence, rf radiation of lower frequency 15 required to bring the à protons 
into resonance. The result is a line in the splitting pattern at lower frequency. Finally, suppose 
that the two 5 protons have opposite spins; in this case, the effects of the two 5 proton spins - 
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this combination can occur in two ways; 
therefore, it is twice as probable 


possible spin combinations of 
- the two neighboring b protons 


splitling pattern of the à protons 


E MM À—————— 
frequency r 


Figure 13.8 Analysis of the splitting of a set of protons a by two neighboring protons b. When the spins of both 
b protons are aligned parallel to the applied field (+ spin), they augment the local field; hence, a greater fre- 
quency is required to bring the a protons into resonance. When the spins of both b protons are aligned against 
the applied field (—. spin), they decrease the local field; hence, a smaller frequency is required to bring the a pro- 
tons into resonance, When neighboring b protons have opposite spin, the local Reld is unaffected; hence the res- 
onance frequency of the a protons is unchanged. The center line of a triplet has twice the intensity of the outer 
lines because the corresponding spin combinations of neighboring 5 protons are twice as probable. 


cancel, and protons « are subjected to the same field that they would be in the absence of pro- 
tons Ё. The result is the line in the center of the splitting pattern. Thus. there are three lines in 
the splitting pattern, 

What about the intensities of these lines? To analyze these intensities, notice that the like- 
iihood that each proton has a spin of ti is about the same as the likelihood that it has a spin 
of — A the excess of spins in the ti state (Eq. 13.3) is so small that it can be ignored in the 
analysis of splitting. The intensities then follow from the relative probabilities of each spin 
combination. The probability that both Р protons have spin +, is equal to the probability that 
they both have spin — >, but the probability that these protons have opposite spins is twice as 
high because this situation can occur in two ways (Eq. 13.8). Hence, the center line of the split- 
ting pattern is twice as large as the outer lines, and a 1:2:1 triplet is observed for the absorp- 
tion of protons a. 


An analogy to the spin combinations is the combinations that can be rolled with a pair of dice. A 3 is 
twice as probable as а 2 because it can be rolled in two ways (2 + 1. 1 + 2), but a 2 can only be rolled 
in опе way (1 + L). 


You should be able to analyze the splitting of the 5 protons of ethyl bromide in a similar 
manner (Problem 13.143. 

How does one proton "know" about the spin of adjacent protons? One of the most impor- 
tant ways that proton spins interact 15 through the electrons in the intervening chemical bonds. 
This interaction is weaker as the protons are separated by more chemical bonds. Thus, the cou- 
pling constant between hydrogens on adjacent saturated carbons is typically 5-8 Hz, but the 
coupling constant between more widely separated hydrogens 15 normally so small that it is not 
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observed. This i5 why splitting is usually not observed between protons on попа асет car- 
hon atems. 


An алах tothe etfectob distance on proton couptiae ean be obsers ed ss th an ordinars пазл and 
а few paper elips. Hone paper ip is held te the magnet, 3 mias be used t hold à second paper clip. 
and se on. The magnetic beld ef the magnet dies off with distance, however, solar ts piealls the third 
or bourth. paper elip rs not пшне], 


PROBLEM - р ! ; 
13.14. Analyze the splitting pattern for a set of equivalent b protons in the presence of three equiv- 


alent adjacent z protons. Include an analysis of the relative intensity of each line of the split- 
ting pattern. (This is the splitting pattern for the CH, protons of ethyl bromide.) 


C. Solving Unknown Structures with NMR Spectra Involving Splitting 


We ve now learned all of the basies of NMR. Let's summarize the type of information avai- 
able from NMR spectra. 


|. The chemical sai provides information about functional арыр» thal are near un obh- 
served proton. The number af resonances (harrine accidental overlaps) -that is. the 
number ol ditferenr chemical shifts represented in the spectrum—eyuals the number of 
ehemiwally nonequivalent sets of protons. 

The integral indicates the relative number of protons coniribuling to à given resenancc, 


‘Lad d 


The хрма patern indicates the number of protons adjacent to an observed proton. 


These three elements ot an AMR spectrum can be put together like pieces of à puzzle te de- 
duce a great deal about chemical structures 1t is not unusual for a complete structure to be de- 
Lerimined trom the КМК spectrum alone. 

Because SMR spectra consume a large amount of space, n s common Io see NMR spectra 
recorded in hooks and journals in an abbreviated Form. In ihe form used in this text; the chem- 
ical shift of each resonance is followed by its integral. its splitting, and cif split) its coupling 
constant, i£ Known, Abbreviations used to indicate splitting patterns are s (singlet). d idou- 
blew). 0 перісі, und y (quarter complex patterns m which the nature of the splitting is noi 
clear are designated m f£ mulüpletr. [is assumed that the relative intensities of cach splitting 
pattern approximately match those in Table 13.2. For example, the spectrum of ety] bromide 
(hie. 13,6) would be summarized as follows: 


пото ei esas tillage) d ТКА 
coupling constant 
уре ot splitting pattern ttriplet: илеп in Table 13.121 
integral 
chemical shift (opin relative to ГМА, 


You may find that eu eun interpret a spectrum more easily if you can see i. I so, do not 
hesitale lo sketch the spectrum. You ean do this quickly bs using vertical bars for the mdivid- 
ual Ines. 

You should now have the tools needed to determine some structures using NMR spectra 
Chat contam some splitting information. The general method of problem solving gn en m See. 
ГА. ЗЕ remains valid when splitting information is involved. Just remember to take into ig- 
count splitting information when writing out partial structures (step 6). Study Problem 13.3 il- 
lustrates this approach. 
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Study Problem 13.3 


step 1 


Step 2 
Steps 3-4 


Step 5 
Step 6 


Step 7 


STUDY GUIDE LINK 13.2 
More NMR 
Problem-Solving 
Hints 


Give the structure of a compound C;H,,O, with the following NMR spectrum: д 1.30 (3H, s); 
б 1.93 (2H. t, J = 7.3 Hz); 63.18 (6H. 5); 8 3.33 (3H. 5); 6 3.43 (2H. t. J = 7.3 Hz). Its IR spec- 
trum shows no O—H stretching absorption. 


Solution To solve the problem, apply the procedure in Sec. 13.3F. 


The unsaturation number is zero; hence, the unknown contains no rings and no double or triple 
bonds. The IR spectrum rules out an alcohol: therefore, all of the oxygens must be involved in 
ether linkages. 


The unknown contains five sets of chemically nonequivalent protons. 


The numbers of protons in each resonance is given in the problem. Hence, we can skip steps 3 
and 4. 


The protons at 6 3.18, 63.33, and 6 3.43 are on carbon bonded to oxygens. (See Fig. 13.4.) 


The resonance at д 3.33 integrates for three equivalent protons and must therefore be a methyl 
group. Because the methyl group is attached to an oxygen (step 5), it must be a methoxy 
(—OCH,) group. The resonance at д 3.18 integrates for six equivalent protons, and these protons 
too nre on carbons bound to oxygens. Two possibilities are three equivalent —CH,O— groups 
with no hydrogens on adjacent carbons, or two equivalent —OCH, groups. Three chemically 
equivalent —CH,O— groups would account for three oxygens in addition to the one previously 
accounted for. Because the molecule contains only three oxygens, this possibility cannot be cor- 
rect. Hence, the 6 3.18 resonance corresponds to two equivalent —OCH, groups. The two-proton 
resonance at 6 3.43 must be a—-CH,O— group, and. from its triplet splitting, there must be an 
adjacent —CH,— group. A partial structure consistent with the observations thus far is the fol- 
lowing: 


б 3.33 63.43 61.93 8 3.18 
H,C—0— ЕНЕН —G— plus two equivalent — OCH, groups 
| 


From the chemical shift, the three 5 1.30 protons must be part of another methyl group that is not 
attached to an oxygen and thus must be attached to a carbon. Because these methyl protons are a 
singlet, the attached carbon must contain no hydrogens. Completing the bonds to the remaining 
carbon with a methyl eroup and the two equivalent methoxy groups gives the final structure. 


xm OCH; 53.18 
63.33 63.43 61,93 | ~ 
Nar rige ni oam 


CH; 
å 1.30 


1,3,3-trimethoxybutane 


The chemical shifts are all consistent with those given in Fig. 13.4. The shifts of the —CH,— and 
—CH, groups at 6 1.93 and 6 1.30 illustrate another trend in chemical shift: oxygens have a dis- 
cernible chemical-shift effect roughly equal to 0.2—0.3 ppm on B-protons (protons two carbons re- 
moved from the oxygen). Typically a —CH,— has a chemical shift of about ó 1.2, but the 6 1.94 
protons are shifted another 0.7—0.8 ppm by the three B-oxygens. Similarly. a methyl group typically 
has a chemical shift of 6 0.9, but the 8 1.30 methyl protons are shifted by the two B-oxygens of the 
methoxy groups. (See Further Exploration 13.1 for a discussion of these effects.) 
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PROBLEM | 
13.15 Explain why the following two structures are ruled out by the data in Study Problem 13.3. 
(a) OCH; (b) OCH, 


CH,OCHCH,CHCH, CH,OCH,;CHCHOCH; 
OCH, OCH, 


13.16 Give structures for each of the following compounds. 
(a) C,H,Br: 6 1.03 (3H, t. J = 7 Hz); 8 1.88 (2H, sextet. J = 7 Hz); 63.40 (2H, t, J = 7 Hz) 
(b) C.H,CI,: 63.98 (2H. d. J = 7 Hz); 65.87 (1A. t, J = 7 Hz) 
ic) C.H,Br;: 6 3.6 (5; only resonance in the spectrum) 

13.17 А compound X with the molecular formula C,,H,,0, and no O—H stretching absorption in 
its IR spectrum has the following proton NMR spectrum: 6 1.2 (3, s); 6 1.4 (6H, t, J = 
7 Hz); 6 3.2 (9H, s); 6 3.4 (6H, t. J = 7 Hz) 
Deduce the structure of X and explain your reasoning. 


An important use of spectroscopy is to confirm structures that are suspected from other in- 
formation. For example, if a well-known reaction is run on a known starting material, the 
structure of the major product can often be predicted from a knowledge of the reaction. NMR 
spectroscopy can be used to confirm (or refute) the predicted structure, as shown in the follow- 
ing problem. 


13,18 When 3-bromopropene is allowed to react with HBr in the presence of peroxides, a com- 
pound А is formed that has the following NMR spectrum: 6 3.60 (4H, t, J = 6 Hz); 8 2.38 
(2H, quintet, / = 6 Hz). 
(a) From the reaction, what do you think A is? 
(b) Use the NMR spectrum to confirm or refute your hypothesis. Identify A. 


COMPLEX NMR SPECTRA 


The NMR spectra of some compounds contain splitting patterns that do not appear to be the 
simple ones predicted by the n + 1 rule. Two common sources of such complex spectra are, 
first. the splitting of one set of protons by more than one other set, called multiplicative split- 
ting, and, second, the breakdown of the п + 1 rule itself in certain cases. This section discusses 
each of these situations and shows how to deal with them. 


A. Multiplicative Splitting 


The NMR spectrum of the ester vinyl 2,2-dimethylpropanoate {vinyl pivalate), shown in Fig. 
13.9 on p. 604, illustrates how multiplicative splitting can give complex spectra. 


H^ н“ 
М =f 
C=C 
Н! O—C—C(CH3) 


O 


vinyl 2,2-dimethylpropanoate 
(vinyl pivalate) 


604 
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chemical shift, ppm (8) 


Figure 13.9 NMR spectrum of viny! pivalate. The insets show the resonances for H", H', and H" on an expanded 
scale. These patterns result from multiplicative splitting, which is analyzed in Fig, 13.10. 


(Do not be concerned that this molecule has an unfamiliar functional group; the principles are 
the same.) The nine equivalent tert-butyl protons of vinyl pivalate (H^) give the large singlet at 
д 1.22. The interesting part of this spectrum is the region containing the resonances of the 
alkene protons (which generally have chemical shifts greater than 4.5 ppm: Fig. 13.4). The pro- 
tons H^ and Н“ are farthest from the electronegative oxygen and therefore have the smallest 
chemical shifts; the complex resonances in the 6 4.5-5.0 region are from these protons. The 
four lines in the 8 7.0—7.5 region are all resonances of the one proton Н“. 

Let's think about the resonance of proton H^. The 2 + 1 rule might lead us to expect that 
the resonance for this proton should be a triplet because two protons are on the neighboring 
carbon. You can see from Fig. 13.9 that this resonance actually consists of four lines. What is 
Ше reason for this? 

The first key point i5 that the two protons H^ and H* are chemically nonequivalent because 
they are diastereotopic. Tbe second key point 15 that because these protons are chemically non- 
equivalent, they split H” differently. Each splits proton H" with a different coupling constant. 
When a set of protons is split by more than one chemically nonequivalent set, and when alf rhe 
coupling constants are different, the splitting is in general multipiicative. In this example. the 
splitting of H” by the single proton Н“ causes Н“ to be a doublet, Then, each line of this doublet 
is split into a second doublet by Н? to give a total of four lines. In principle. the intensities of 
these lines should be equal (Table 13.2, p. 598). However. this is a case in which the chemical 
shilts of the coupled protons are very similar. In such a case. deviations from the ideal ratios 
in Table 13.2 are observed. (Such a deviation 15 sometimes called leaning.) 

The splitting in this case can be analyzed with the aid of a splitting diagram, which ts given 
in Fig. 13.10 for the alkene protons of vinyl pivalate. In a splitting diagram, the resonance for 
each nonequivalent set of protons is drawn as a single, vertical unsplit line at the appropriate 
chemical shift with a height proportional to its integral. (In Fig. 13.10. the lines for the three 
alkene protons are the same size because each has tbe same integral.) The different splittings 
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, hemical shit chemical МИН chemical shit 
TEE BEL oft! 
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c uservad spectrum 


Figure 13.10 Splitting diagram for the vinylic protons in the spectrum of vinyl pivalate (Fig. 13.9]. Imagine that 
each proton has a single resonance at the chemical shifr indicated by a vertical line at the top of the figure. Then 
move down the diagram to see how successive splitlings affect each resonance. The integral of each unsplit line 
is divided proportionately among the lines of the derived splitting pattern. This is why the vinylic proton reso- 
папсеѕ are very small in Fig. 13.9. The observed resonances for these protons, greatly enlarged, are shown at the 
bottom ef this figure. 


are then applied susccesstvezy ti any order o each dine using known values of the coupling 
constants to obtain the actual spectrum. 

Consider. then. the splitting of the resonance for Н“. The single line for this proton is in the 
upper left-hiuxi corner of Fig. 23.00. This proton is spht by FP into a doublet. For vinyl pi- 
valate ТУНА. маха peal coupling constant for the splitting ot alkene protons in 
à trans relationship. Rach line ol the resulting sphitiing pattern has hall the intensity of the 
orginal, and the horizontal distance et both tines from the original is the same. Then the split- 
ung bs H' is upphed to eaeh of these new fines. In siansd pivalate. J. = 6 Hz. which ts typical 
lor alkene protons in a gis relationship. This gives two new doublets. m which the intensity ol 
each Tine is halved again. The resulting spectrum for H^, then, ts four lines of equal intensity, 
each with one-fourth of the 1ntensity ol the original; (Анап. leaning causes a departure trom 
the equal-intensits ideal.) The resonance for H is said to be a doubler of doublets because the 
pattern results [rom successive application ol (wo one-proton splittings. This is different from 
а quartet; in Which the four lines have an intensity ratio of about 1:3: 3:1 (Table 13.24. А 
quartet is also ruled out by different spacings between the lines: a quartet must have equal 
spacings between lines. 

The same process is illustrated in Fig. 13.10 for the other о alkene protons using the two 
coupling constants above along with — 2 Hz. a typical coupling constant lor "seminal 
alkene protons—alkene protons that share the same carbon. Thus. the resonance for each pro- 
Lon appears as а douhlet of doublets—that ts. four mes each and a total of twelve lines fer all 
alkene protons. As shown in Pig. ТАО, the pattern derived im the splitting diagram matches 
Ihe aetual spectrum, 
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The same end result is obtained if the splittines are applied in reverse order. Thus, for H". 
the 6 Hz splitting could have been applied first followed by the 14 Hz splitting. (Show that this 
is true by trying it yourself. Measure the splittings by using a ruler or graph paper.) 

The analysis in Fig. 13.10 shows how a complex splitting pattern can arise from multiplica- 
tive splitting and demonstrates that such a pattern can be analyzed once the correct structure 
Is known. What happens if you encounter a complex splitting pattern in the spectrum of an un- 
known? In such cases. a student who is just starting to learn how to interpret NMR spectra 
should bypass an analysis of the splitting and extract as much information as possible from the 
chemical shift and integral. Thus, if vinyl pivalate were an unknown, its NMR spectrum would 
indicate, from the integral of the б 4—7.5 region, that three hydrogens are attached to a double 
bond. and from the nine-proton singlet at 6 1.22. that the molecule contains a tert-butyl group. 
This information, along with the molecular formula and the IR spectrum, would be sufficient 
to determine the structure. (Ап unknown involving complex splitting 18 solved in Study Prob- 
lem 13.4 in the next section.) 

Complex multiplicative splitting arises because the various coupling constants involved are 
different. It is relatively common when dealing with protons on adjacent saturated carbon 
atoms that the coupling constants are the same. What should we expect from that situation? 
The NMR spectrum of |-bromo-3-chloropropane is a situation of this type. 


й h 3 
Br—CH; —CH;— CH; — 
l-bromo-3-chloropropane 
The set of protons Н? is split by the two nonequivalent sets Н“ and Н“. If splitting of H^ were 
multiplicative. and if the two coupling constants were different, the triplet from splitting by H" 


would be split again by Н“ (or vice versa) to give. for H^, a triplet of triplets, or nine lines, bar- 
ring accidental overlaps. However, as shown in Fig. 13.11a, the resonance for Н? consists of 


a hh T 
BrCH;CH,CH CI 


H^ protons 


C^ | ^ | Japplication of the 
1 first splitting Jap 


[^ ^ | application of the 
k y | ~ — second splitting Jre = Jab 


6 2.28 
observed spectrums predicted spectrum 
(a) (b) 


Figure 13.11 (a) Observed NMR spectrum of the H® protons in 1-bromo-3-chloropropane. (bi Derivation af a 
splitting diagram for the H? protons assuming equal coupling constants for their splitting with H? and Н“. Notice 
that the lines in the predicted spectrum match those in the observed spectrum. 
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only five lines, exactly like the resonance for H^ in 1.3-dichloropropane (Fig. 13.7, p. 599). In 
other words, this 15 exactly what we would expect if we had applied the п + 1 rule for four 
neighboring protons. 

The simpler spectrum occurs because the two coupling constants are equal (or nearly 
equal); that is, / = Jp- This is shown by the splitting diagram in Fig. 13.1 Ib. Applying two 
successive splittings with equal J values indeed gives nine lines, but some of the lines overlap. 
The result 15 five lines with the characteristic intensities predicted by the л + 1 rule for four 
neighboring protons! (Table 13.2.) 

To summarize: When multiplicative splitting occurs and the coupling constants are equal (or 
nearly so), the splitting is as predicted by the п + | rule, where л equals the number of ali 
neighboring protons. Although exceptions exist, it is common to find this simpler situation 
when the coupled protons are on adjacent saturated carbon atoms in acyclic compounds. 

How do you know whether to expect the same or different coupling constants in a given sit- 
uation involving multiple splitting? The answer is that you don t know, You have to be ready for 
either situation. But you can be fairly sure you're dealing with identical coupling constants 
when the splitting patterns conform to the intensities in Table 13.2. When you see complex- 
looking multiline patterns, you're more likely dealing with multiplicative splitting. 


PEELED 13.19 The three absorptions in the NMR spectrum of 1.1,2-trichloropropane have the following 


characteristics: 
a b г 
ae e. 
Cl 
H*65.82,7,— 3.5 Hz 
H^: 54.40, J, = 3.5 Hz, Ј, = 6.0 Hz 
Н“: 61.78, J,, = 6.0 Hz. 
Using bars to represent lines in the spectrum and a splitting diagram to determine the ap- 
pearance of the Н? absorption, sketch the appearance of the spectrum. (Graph paper is use- 
ful in constructing splitting diagrams.) 
13.20 Predict the complete NMR spectrum of 1.2-dichloropropane under each of the following as- 


sumptions. Note that protons H^ and Н“ are diastereotopic. 
(а) ль = JJ. (bid, X J. 


uF i 
i EN Lee 
Cl H 


1,2-dichloropropane 


B. Breakdown of the n + 1 Rule 


NMR spectra in which all resonances conform to the n + | rule are called first-order spectra. 
in all of the spectra discussed to this point, even the complex multiplicative patterns discussed 
in the previous section, splitting patterns have been first-order. The spectra of some com- 
pounds, however, contain splitting patterns that are more complex than predicted by then + | 
rule. Although such spectra can he analyzed rigorously (in many cases) by special mathemat- 
ical or instrumental techniques, a great deal of information can be obtained from them with- 
out such methods. Study Problem 13.4 illustrates a situation of this sort. 
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Study Problem 13.4 
Determine the structure of the compound with the formula С,Н,;СІ that has the NMR spectrum 


shown in Fig. 13.12. (The values of the integrals in arbitrary units are shown in red over each 
absorption.) 


Solution The unknown compound has an unsaturation number of zero and is therefore an alkyl 
chloride. The spectrum contains a very complex splitting pattern in the 6 1.2—1.6 region that can- 
not be readily interpreted. Because the formula contains 13 hydrogens. the integral of the entire 
spectrum (1677 units) corresponds to 129 units/proton. Three first-order features appear in the 
spectrum: the triplet at 6 3.52, which integrates for (262/129) = 2.03, or 2, protons; the triplet at 
8 0.9, which integrates for (384/129) = 2.98, or 3, protons; and the quintet at 6 1.77, which inte- 
grates for (253/129) = 1,96, or 2, protons. (Verify that the complex pattern in the 8 1.2-1.5 re- 
gion accounts for the remaining hydrogens.) The chemical shift of the 6 3.52 resonance indicates 
that this triplet must arise from protons on the carbon that bears the chlorine. Because it accounts 
for two protons, we can immediately write the partial structure —CH,Cl. Its splitting shows that 
two protons are on the adjacent carbon. This information gives the partial structure —CH,CH,Cl. 
The three-proton resonance at 6 0.9 must be a methyl group, and its triplet splitting indicates the 
partial structure CH,CH,—. Forget about the quintet at 6 1.77: we have enough information to 
solve the structure, A compound with the formula C.H, ,Cl and the partial structures above can 
only be |-chlorohexane, CH,CH,CH,CH,CH,CH.Cl. The quintet gives extra information. It inte- 
grates for two protons, and must be a—CH,— group; the quintet splitting suggests four neigh- 
boring protons—that is, —CH,CH;CH, —. and finally, it has the second largest chemical shift, 
and, except for the 6 3.52 protons. must be closest to the chlorine. This gives the partial structure 
—CH.CH,CH.,CI. This is completely consistent with the proposed structure. 


chemical shift, Hz 
2400 2100 EE 1500 1200 900 ч e 300 ü 


СН СЇ 


8 7 6. Б а 3 2 | 0 
chemical shift, ppm {8} 


Figure 13.12 The NMR spectrum for Study Problem 13.4. The red numbers aver each peak or group of absorp- 
tions are the values of the integral in arbitrary units. 
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Studs Problem §3.4 shows that vou don i have to interpret every splitting pattern in a spec- 
trum to solve a structure because west spectra contain redundant informatie. 

Something very important about NMR. however. can be learned by asking why the NMR 
«spectrum of [-chlorohexane is so vcomplex—why нах not first-order it turns out that first- 
order NMR spectra are generally observed when fhe cheinicaf shift difference in Hz, between 
coupled prorois iy auich ereater thun their coupling constunt. I ibe difference in chemical 
shili of two resonances e and P» is Ag (m Hei and their coupling constant is then thts con- 


dinon 1 simply expressed as follows: 


Condition for firsi-onder spitting: Ej, E (13.10) 


TI 


[n practice, we can Interpret this condition lo mean thal firzst-order splittig can be expected 
when the splitting patterns of the nio coupled protona do uer overlap. bor example, in the 
spectrum of l-chlorohexane (Fig. 13.12) the splitting pattern of the 6 0.93 resonance is first- 
arder—a simple teiplet—because it does not overlap with the splitting pattern ot the coupled 
proton até 1.3. However. in the à L3-1.5 region, the splitiing patterns of three different sets 
of protons overlap. Consequently. the splittings of these protons are not first-order. and we 
vun t use the a+ 1 rule to mterpret them. 


splitting patterns overlap; 
splitting is not first-order 


' 


ВСН —GH;—CH,—C1:—U0HE— 0l 


= —— 
n 


splitting patterns do not overlap: splitting patterns do mot overlaps 
а + - a s - i І 
splitting of H" is first-order splittings or LP and H 


ire Hirst order 


Similarly. the splitting patterns of HY and H’ are tirst-order because they are well separated 
fram each other and from the pattern for H". 

An miportant aspect e£ NAIR provides à was to sImplirs splitting patterns that are not first- 
order: Conuplmig constants de not vary with the magnitude of the operating frequenev or tlic 
applied magnetic field. Recall from See. 13.3B that ММК experiments can be run at a variety 
of operating. Irequencies р, in Eg. 13.7, р. 586) and corresponding magnetic tieid strengths 
B,. Recall also that ehemieal shifts in Hz vary m proportion to the operating frequency used. 
Consequently. if à very large magneuc held and а correspondingls large operating frequeney 
are used, the chemical shifts in Hz are much greater, hut the coupling constants are unchanged, 
Consequentls. the condition for first-order behavior in Eg. 15.10 1s more likely to be met. This 
point 15 illustrated in Fig. [3.13 hy comparing the 61.2 1.8 regions of the NMR spectra of 
| -chloropentane (акеп at two different magnetic field strengihs tand hence. wo different op- 
erating frequencies). Notice the greater resolution and simplification of the spectrum tn the 
H'/H' region at higher field (Fig. ТА. ТАБ than at lower tield (Fig. 13.1343). In the 300-MHz 
spectrum (Fig. 13.1321, the splitting patterns of H^ and H' overlap extensively. Therefore. the 
spitting b not first-order. However. in the 600-MEE^ spectrum (Fie. 03.1351. the chemical- 
«hift difference in Hz ts doubled. but the coupling constants are unchanged. As a result. the 
splitting patterns of H^ and H' are well separated. und the r + 1 rule ean be applied. (The ap- 
parent complexity of the [E pattern is the result ot multiplicatise splituing: Sec. PASAN, 

Instruments that employ very Мей magnetic fields ате vers. expensive lo purehase and 
maintain, Although we have illustrated the advantages of such an instrument with a relatively 
simple molecule. the major use of such instruments ах in unraveling the structures of complex 
molecules whose NMR spectra would be hopelessly complicated when taken at lower field. 
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e d С р ü 
CICH;CH;CH;CH;CH; 
d 
п HHE LI 
| i H" and Н“ splitting patterns 
0.2 ppm (60 Hz) overlap and are not first-order 


| 
| 
1 


"— — chemical shift difference 
An. = 0.07 ppm = 21 Hz 


1.8 1.6 1.4 c 12 
chemical shift, ppm (8) 


(a) Spectrum taken at 2, = 300 MHz (field strength By = 70,500 gauss) 


e d a b il 
CICH;CH;CH;CH;CH; 


0.2 ppm (120 Hz) , 
| Н" and M ee. | erm 
are separate 


and are first-order 


i —.i chemical shift difference 
Ap = 0.07 ppm = 42 Hz 


LB 1.6 1.4 Liz 
chemical shift, ppm (6) 


(b) Spectrum taken at r = 600 MHz (field strength By = 141,000 рацѕѕ) 


Figure 13.13 А contrast of the H^, H^, and H” regions (8 1.2-1.8) in the NMR spectrum of 1-chloropentane. (a) The 
300-MHz spectrum. (b) The 600-MHz spectrum. In (a), the splitting patterns of H^ and Н“ overlap. As a result, the 
splitting between these protons is not first-order. In (b), the splitting patterns of H” and Н“ are well separated, and 
their splitting patterns are first-order. (The splitting of H* is a case of multiplicative splitting that results from the 
different coupling constants J and J; Sec. 13.54.) 


| PROBLEM е Я T ee | — 
| PROBLEM | 13.21 Identify the following two isomeric alkyl halides (C;H,,Br) from their 300-MHz NMR 
spectra, which are as follows: 
Compound A: 5 0.91 (6H, d. J = 6 Hz); 6 1.7-1.8 (3H. complex); 6 3.42 (2H, t, 
J = 6 Hz) 
Compound B: 6 1.07 (3H. t, J = 6.5 Hz); 6 1.75 (6H, s); 6 1.84 (2H, g, J = 6.5 Hz) 


(a) Give the structure of each compound and explain your reasoning. 
(b) Predict how the spectrum of compound A might change if it were taken at 600 MHz. 
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USE OF DEUTERIUM IN PROTON NMR 


Deuterium IL or D) finds spectal use in proton Ну NMR. Although deuterium has а nuclear 
spin. deuterium NMR and proton. ММК require greatly different operating [requencies at a 
given magnetic field strength, Consequently. deuterium NM absorptions are not detected 
under the conditions used for proton NMR. so deuterium is effectively “silent” in proton 
ММК. 

One important practical application of this fact is the use of deuterated solvents in NMR 
experiments. (Solvents are needed tor solid and viscous Ич samples because. in the usual 
tS pe of proton NMR experiment. the sample must be in a free-flowing liquid state.) To ensure 
thal the solvent does not interfere with the ММК spectrum of the sample. 1t must either be ie- 
vod of protons. or its protons must not have NMR absorptions that obscure the sample ab- 
sorplions. Carbon tetrachloride (CC) bis a useful solvent hecause it has no protons, and there- 
fore has no Н NMR absorption, However, many organic compounds are not dissolved hy 
carbon tetrachloride. Many of the most useful organie solvents contain hydrogens, which have 
interfering absorptions, Fortunately, mans such solvents are available with their hydrogens 
substituted by dewleriums: these "deuterated" solvents have no interfering NMR absorptions. 
The most widely used example of such a solent is CDCR chloretorm-d, or "deuterochloro- 
Form ). the deuterium analog of chloroform. CHC. This solvent is so widely used for NMR 
spectra that i£ 18 a relatively mexpensive artele of commerce. Most of the spectra in this text 
were taken im CPCI. [In these spectra. you may see a tiny resonance near à 7.3. This is due to 
the very small amount of CHC], present in commercial CDCI. 

The coupling constants for proton. deuterium splitting are vers small. Even when Н and D 
are on adjacent carbons, the H-D coupling is negligible. For this reason, deuterium subst Hu- 
пол сап be used to simplity ММК spectra and assign resonances; Although deuterium substi- 
tution Iis normally most usetul in more complex molecules. lets see how i might be used to 
assign the resonances of ethyl bromide (Pig. 13.6). [E sou were to synthesize CH,CD,Br and 
record its NMR. sou would find that the quartet of ethyl bromide Bas disappeared from the 
NMR spectrum, and the remaining resonance is а singlet. [his experiment would establish 
that the quartet is the resonance of the CH. group and that the triplet is that of the CH, group. 

The use of deuterium to simplify NMR spectra is particularly important for alcohols. Sim- 
piv shaking the solution of an alcohol with a litle О.О results in very rapid exchange of the 
O—H proton for deuterium. This strategs is called Р.О exchange or. more colloquially, the 
"D.O shake." This exchange eliminates the O— Н resonance tthus identifying it) and also 
eliminates any splitting between the a-protons and the О—Н proton. The only splitting re- 
maining is then the splitting with any 8-protons, For example. the spectrum of dry ethanol 
(shown in Piss. 13.17u, p. 618) is transformed by the D.O shake in the following way: 


splitting 


quartet x doublet . | a-proton splitting |. splitting 
8 lines um is simplified — quartet 
e 2 | D-O shake 3 g | 
НС ЄН, OH —  Н,—— СН; — 0р (13.113 
splitting = splitting splitting — na resonance 
triplet triple triplet in proton NMR 


To summarize: Substitution of a hydrogen hy deutertum eliminates its resonance from the 
proton NAIR spectrum and removes any splitting that H causes. 


612 CHAPTER 13 * NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


PROBLEMS | . . | : 
PROBLEMS | 13.22 The 61.2-1.5 remon of the 300-MHz NMR spectrum of [-chlorohexune, given in 


Fig. 13.12, is complex and nol first-order. Assuming you could synthesize the needed com- 
pounds, explain how to use deuterium substitution to determine the chemical shifts of the 
protons that absorb in this region of the spectrum. Explain what you s ould see and how you 
would interpret the results. 

13.23. Explain how the NMR spectra of (8) 3-methyl-2-buten-2-ol and th) 1,2,2-1rimethyl- 1- 
propanol would change tollowing а D-O shake. 


CHARACTERISTIC FUNCTIONAL-GROUP 
NMR ABSORPTIONS 


This section. surveys the important NMR absorptions of the major functional groups that 
weve already studied. The NMR spectra of other functional eroups will be considered in the 
chapters devoted lo those groups. A summary table of chemical shift information is pien in 
Appendix HL. 


A. NMR Spectra of Alkenes 


Two eharaeteristie proton ММК absorptions for alkenes are the absorptions for the protons on 
Ihe double bond. called vinylie protons tred in the Following structures! and the protons on 
curbons edmecenmt to the double bond. called allylic protons (blue in the following structures} 
Don 1 confuse these two types of protons. Турна alkene ebemieal shifts are ilustrated in the 
following structures and are summarized in Eis; 13.4. 


vinylic proton illic protons 

Г) AQ) r MM № б () МК 
Н 85.58 terminal „Н Gi CHE , 
vinylic < w / 81.37 
| protons B= ilal) 
м à `, 
64.88 Н Н 63.68 
Н 8197 ` 
| 


Internal vinylic proton 
allylic proton 


In these structures. allylie protons have greater chemical shifts than ordinary alkyl protons, 
but considerably smaller chemical shifts than vinyle protons, Adedtiionalls. the chemical 
shifts ol internal v ins lie protons are greater than those of terminal yim Hie protons; Recall [rem 
Sec. ТААС that the same trend of chemical shift wath branching is evident in the relative spitis 
of methyl, methylene, and methine protons on suturabed carbon atoms. 

The chemical shifts of sinylie protons are much greater than would be predicted from the 
elecironegativils. ol the alkene functional group and can be understood m the following wav. 
[magine that an alkene molecule in ап NMR spectrometer is oriented with respect to the exter- 
nal applied field By us shown in Figure 13.12. The applied field induces a vireulation of the т 
electrons in closed loops above and below the plane of the alkene. This electron circulation 
eves rise to an induced magnetic field B; thal oppeses the applied tield B, atthe center of the 
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| induced field B; opposes | 
By at the т bond 


B; (induced field). induced z-electron circulation 


vH Jjinduced field В; reinforces 
АЫ 1 ~) Bo at the vinylic proton 
Н == ————— 
| B, external appli d held 


Figure 13.14 Inan alkene, the induced field В, (red) of the circulating s electrons augments the external applied 
held at the vinylic protans. As a result, vinylic protons have NMR absorptions at relatively large chemical shift (high 
frequency). 


loop. This induced field can be described as contours of closed circles. Although the induced 
held opposes the applied field B, in the region of the z bond. the curvature of the induced held 
causes it to lie in the same direction as B, at the vinylic protons. The induced field. therefore, 
augments the local field at the vinylic protons. As a result. the vinylic protons are subjected to 
а greater local field. This means that a greater frequency is required to bring them into reso- 
nance (Eq. 13.4). Consequently. their NMR absorptions occur at relatively high chemical shift. 


Because molecules in solution are constantly in motion and tumbling wildly, at any given time only 
а small traction of the alkene molecules are oriented with respect to the external applied field as 
shown m Fig. 13.14. The chemical shift of a vinylic proton is an average over all orientations of the 
molecule. However, this particular orientation makes such à large contribution that it dominates the 
chemical shift. 


Splitting between vinylic protons in alkenes depends strongly on the geometrical relation- 
ship of the coupled protons. Typical coupling constants are given in Table 13.3 on p. 614. The 
spectra shown in Fig. 13.15 on p. 615, illustrate the very important observation that vinylic 
protons of cis-alkenes have smaller coupling constants than those of their trans isomers. (The 
same point is evident in the coupling constants of cis and trans protons shown in Figs. 13.9 and 
13.10.) These coupling constants, along with the characteristic — C —H bending bands trom 
IR spectroscopy (Sec. 124C), provide important ways to determine alkene stereochemistry. 
The very weak geminal splitting between vinylic protons on the same carbon stands in con- 
trast lo the much larger cis and trans splittings. Geminal splitting 1s also illustrated in Figs. 
13.9 and 13.10. 

The fast two entries in Table 13.3 show that small splitting in alkenes is sometimes ob- 
served between protons separated by more than three bonds. Recall that splitting over these 
distances is usually но! observed in saturated compounds. These long-distance interactions 
between protons are transmitted by the 7 electrons. 
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ULLUS Coupling Constants for Proton Splitting in Alkenes 


Relationship of protons Name of relationship Coupling constant J, Hz 
C=C cis 6-14 
ЗУХ 
Н 
eed 
C= trans 11-18 
aan. 

H 

H 
ie uw | 
С=С geminal 0-3.5 
HB UN 

H 

H 
2 / | 
с=с vicinal 4-10 
/ % H 

I 

PU 

\ 

V od 

fae four-bond (allylic) 0-3.0 
P^. к 
H us 

Fai x 


(double bond can be 
cis or trans 


t 
H 
M / 
C=C five-bond 0-1.5 
7 4 


(double bond can be 
cis or trans) 


In many spectra, geminal, four-bond, and five-bond splittings are not readily discernible as 
clearly separated lines, but instead are manifested as perceptibly broadened peaks. Such is the 
case, for example. in the NMR spectrum in Fig. 13.16 (Problem 13.24). 


PROBLEM =f > es 
| 13.24 Propose a structure for a compound with the formula С.Н, with the NMR spectrum shown 


in Fig. 13.16. Explain in detail how you arrived at your structure. 


NMR Spectra of Alkanes and Cycloalkanes 


Because all of the protons in a typical alkane are in very similar chemical environments, the 
NMR spectra of alkanes and cycloaikanes cover a very narrow range of chemical shifts, typi- 
cally 6 0.7-1.7. Because of this narrow range, the splitting in many of these spectra shows 
extensive non-first-order behavior. 

One interesting exception to these generalizations is the chemical shifts of protons on a cy- 
clopropane ring. which are unusual for alkanes; they absorb at unusually low chemical shifts, 
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Н" Н" Н" 
[= 8.3 He 
H 2 C] н! 
\ T ЖЕ. 
C=C C=C 
г / A 
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Figure 13.15 The NMR spectra of the vinylic protons (color) of cis-trans isomers. The coupling constants are 
larger for the trans protons. 
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Figure 13.16 The NMR spectrum for Problem 13.24, The red number above each resonance is its relative inte- 
gral in arbitrary units. 


typically 6 0—0.5. Some even have resonances at smaller chemical shifts than TMS (that 1s, 
negative 6 values). For example, the chemical shifts of the ring protons of cis-1,2-dimethylcy- 
clopropane shown in red are ё (—0.11). 

& = 11) 
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The cause ed this unusual chemiedl shili is an induced electron current im the evelopropane ring 
that is oriented so as to shield the eyelonropane protons from the applied tieid. As à result. these 
protons are subjected to а smaller local Heid. and their chemical shitts are decreesed. 


NMR Spectra of Alkyl Halides and Ethers 


Several ММК spectra of alkyd halides and ethers were presented in developing the principles 
Г МАК earlier in this chapter, The chemical shifts caused bs the halogens are usually in pro- 
portion to their elecironegativities Por the most part. chloro groups and ether oxygens have 
about tlie sume ehemical-shift effect on neighboring protons Fie. 13-4) However epoxides, 
Hke exelopropanes, have eonsiderabls smaller chemical shifts than their open-chain analogs. 


б 3.65 Г Ё, kj 
/ М ' ' 
H€ —ÇCH—O—CH—EH нн Сн 
i r 
CH, CH; M 


An interesting bpe of splitting is observed in the NMR spectra of compounds containing 
luorine. The common isotope of fluorine € Fy has a nuclear spin. Proton resonances are split 
һу neighboring fluorine in the same general was ibat thes are split by neighboring protons: the 
«umen | sphittine rule applies. For example. the proton in HCCT.F appears as u doublet ven- 
tered ab д АЧА with a large coupling constant Aa of 54 Hz. This is eot the ММК spectrum of 
the fuennez it is the aping of the profen spectrum caused by the Инетте tl ds alsa possi- 
ble to do Buorine ММК, but this requires. for the sume magnete field, а different operating 
[requeney: the spectra of Н and PE do nor overlap.) Values of H-E coupling constants are 
larger than H-H coupling constants, The Ау salue in СИ CE is 20 E ats pteal Jiu, value 
over the sume number of bonds is б 8 Hz, Because Ау values are so large, coupling bebween 
protons and Buoerines can sometimes be observed over as man as four single bonds, 


PROBLEMS | | , f ; 
13.25 Suggest structures Гот compounds with the following proton NMR specia. 


(a) CHO: 8 1.13 GALA = 7 Hz): 8338 2H. q. / = 2 НА 
(b) C;H,F,Cl: 8 1.75 (3H. t. J = 17.8 Hz: 8 3.63 2H. 1, = 13 Нл 


13.26 How would the NMR spectrum of ethyl fluoride differ from that of ethyl chloride? 


D. NMR Spectra of Alcohols 


Protons on the a-carbons of primary and secondary aleohols generally have chemical shilts in 
the same range as ethers. from 43.27 10 à 43 (see Fig. 13.4). Because tertiary alcohols have no 
ce protons. the obser ation of an O— H stretching absorption in the IR spectrum accompanied 


hs the absence of the TCH O absorption in the NMR is good evidence for a tertiary algo- 
hol tor a phenol: see See. 16.3B 


HC. — OH Нс -CH,--O1] (C143). CH — 6H 1 СОС О 


І ‚ i ni prona 
: 1 abscaptien in 
Üü 3.5 Г? 2.6 i 4 i} г з. regien 
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The chemical shirt o£ the OH proton in an со is dillicult to predict because 1 depends 
an the degree to which the aüleobiol итле in hydrogen bonding under the conditions used 
to determine the spectrum. For example. in pure etanol. in which the alcohol molecules are 
extensively. hydrogen-bonded. the chemical shill of the OH proton is à 3.3. When a small 
amount of ethanol is dissolved in CCT,. the ethanol molecules are more dilute amd less exten- 
sively hydrogen bonded, and the OH absorption occurs at б 2-3, [n the gas phase, there às al- 
most no hydrogen bonding. and the OH resonance ot ethanol occurs at à (0,8, 


The chemical shifter the O- -H proton an the gas pase is mot as large as might be expected por ài pro- 
ton bound to an electronegative atem such as owy een. Phe surprisingly «mall chemical shift of unas- 
моне OH protons is probably due to the indieced Hell caused bs circulation of the unshared eiec- 
ron pairs en oss gen, This field shields the Off proton from the external ирр field (See. 13.31, 
Hs lrosen-bhonded protons, on the other hand. have sreater chemical shifts because the bear less 
electron donsits ind mere positive charge (Sec, ВС 


The splitting between the OH proton and the a-protens or aleohols is interesting. For ex- 
ample. the n — | splitting rule predicts that the OH resonance of ethanol should be a triplet. 
and the CH. resonance should be split bà both the adjacent CH , and OH protons, and should 
therefore consist of as many as (4 X 21 or eight lines tmultiplicutive splitting: Sec. TASA). 


H,C—CH;—OH 


/ | * 


iph 4° 20 Sline triplet 


The SAMIR spectrum ot very dry ethanol, shown in big. [3.1 7a oen p. 618. 18 as expected: note 
the complesits ol the 8-proton (CH) resonance at À 5.7, However. when a trace of waler. acid. 
or hase is added to the ethanol the spectrum changes. as shown im Fig. 13.1 7h. Fhe presenec 
erwarten acid, or base cases collapse of te O— H resenmnce ro o single dine and obliterates 
all splitting assenciated with this proton. Thus, the CH, proton resonance beeames a quartet, 
apparentis split only by the CH, protons. This type of hehastor is quite general for alcohols, 
amines, and other compounds with a proton bonded to an electronegative atem. 

This effect on splitting ts caused by a phenomenon called chemical exchange: an equilib- 
rium involving chemical reactions that take place sers rapidly as the NMR spectrum im being 
determined. In this case. the chemical reaction ts proton exchange between the protons of the 
alcohol and those of water Cor other alcohol molecules). For example. acid-catalyzed proton 
exchange eccurs as Fellows: 


a TN | вд - 
poste + HOH; ==” R—0- ~ HOH- (13.1 3a 
H H 
R—O—H ж” R—O—H + H— ÖH. TENENT 
=? 


н ÖH 
md 


m 


This exchange is nothing more than (wo successive acid base reactions. (Write the mecha- 
nam for Ojl-catalyzed exchange.) For reasons that are discussed in See. 13.8. repidiy ex 
changing proteins de not shew spin-spin splits with neielibering proteins. Agul and hase 
calalvze this eschange reaction. accelerating it enongeh that splitting 18 obbierated. In the ab- 
sence оог base. this exchange is much «lower. and splitting of the (HI proton amd neigh- 


boring protons ts observed, 
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chemical shift, Hz 
2400 2100 1800 1500 1200 900) 600 300. } 0 


2 7 6 5 rs sae e 0 
(a) chemical shift, ppm (8) 
chemical shift, Hz 
2400 2100 1800 1500 1200 900 600 300 0 


b) chemical shift, ppm (б) 


Figure 13.17 The NMR spectra of ethanol. (a) Absolute, or very dry, ethanol. The CH, resonance is split by both 
the CH, and OH protons. (b) Wet acidihied ethanol. The CH, resonance is split only by the CH, protons. Notice also 
the shift of the OH resonance under wet and dry conditions. The more extensive hydrogen bonding under wet 
conditions causes a larger chemical shift. 


As a practical matter, you have to be alert to the possibility of either fast or slow exchange 
when dealing with an NMR spectrum of an unknown that might be an alcohol. An intermedi- 
ate situation 15 also common, in which the OH proton resonance is broadened but the a-pro- 
tons show the splitting characteristic of fast exchange. The assignment of the OH proton can 
be confirmed in either of two ways. The first is by addition of a trace of acid to the NMR tube. 
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M the e- and O— П protons are involved in splitting, the acid will oblierate this splitting and 
will simplify the resonances for these tao protons, The second way ts to use the "DO shake,” 
discussed in See. 13.6. 1а drop of DO is added to the NMR sample tube and the tube is 
shaken. the OH protons rapidiy exchange with the protons of DLO to form OD sroups on the 
aleohiol. As à result, the O—H resonance disappears when the spectrum is rerun. Any split 
ling of the e-proton caused by the O—H proton will also he obliterated because the O—H 
proton is no doneer present. 


PROBLEM Ar : ; 
челн 13.27? Suggest structures for each of the following compounds. 


(a) C H О; 8 1.27 (9H, s); ô 1.92 (1H, broad s; disappears after D4O shake) 
(b) C.H О: 6 1.78 (3H, s); 6 1.83 (3H, 5); 6 2.18 (1H, broad s; disappears after D,O shake); 
84.10 (2H, d. J = 7 Hz); 65.40 (1H, t, J = 7 Hz) 


NMR SPECTROSCOPY OF DYNAMIC SYSTEMS 


The NAIR spectrum of evelohexane consists ob a Ncinglec # 1.4. Yet esclohexane has two di- 
astereotopie, and therefore ehenucally nonequivalent. sets of hsdrosens: the extaf hydrogens 
and the гнета? hydrogens. Why shouldn't evelohexane have two resonances. one for each 
уре of hydrogen? Recall that cevetohexane undergoes a rapid contormational equilibrium, the 
chair iitercomersien from Sec. 7.21. The reason that the МАМЕ spectrum of cyclohexane 
shows only one resonance has lo do with the rate of the chair interconversion. which is so 
rapid that the NMR instrument detects only the average of the two conformations. Because the 
ehair interconversion interchanges the positions of axial and equatorial protons (Ey. 7.6), only 
one proton resonanee is observed. This is the resonance of the "average proton in evelo- 
hexane—one that is axial half the time and equatorial halt the time; This example illustrates 
an important aspect oF NMR spectroscops : fe spectrim ofa compound involved in ea rapid 
equilibrium is a single spectrum that is the И-их киче ef all species involved in the equilih- 
nian. dn other words, the NMR specrromercr is itrinsfeullv fimited to resolve events in time. 


Altheush some equations deseribe this phenomenon exactis. st ean be understood by the use of an 
analogy from common experience. Imasime looking ut a uree-blade Гап or propeller that is ranns 
abu Speed ef about 100 times per second tsee Fig; 3.18 on p. 6200. Our eves do not see the individ- 
ual Blades. Bui only a blur. The appearance of the Blur (s à time-uverage of the blades and the empty 
space bets een them. Hf we photograph the fan using a shutter speed of about 0,1 second, the fan ap- 
pears as а blur in the resulting picture for the same reason: during the time the camera shutter is open 
LE ыш blades make ТО full revolutions (hig. 13. Ra Мам imagine that we slow the fan to about 
| rotation per second. While the shutter is open, the fau blades make onb 0,3 revolution — about 36°. 
The fan hades are more distinct, Gut still somewhat Һи (Fie. 13:18h. Finally, imagine that the 
[ай is retating vers show Is. sav. one rotation evers hundred segonds, While the shutter is open. the Fan 
bitnles averse only 4, ef acirele— about 36. In the resulting picture the individual blades are wis- 
ible and in relatively sharp Focus (hig. ТА ср. The rapid vonfermational equilibrium of cyclohexane 
Po the SMR spectrometer roughh what the rapidls rotating propeller is to the sio camera shutter, 


Both types of evelehiexane protons can be observed if the rate of the chair interconversion 
iS reduced by lowermy the temperature. magie cooing a sample ob evelohexane in whieh all 
protons bul one hive heen replaced by deuterium. (The use of deuterium virtually eliminates 
splitting with neighboring protons. because splitting between H and 0 is very small: See. 
13.6.1 
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eq uatarial 


(13.14) 


cyclohexane-d ,, 


In the chair interconversion, the single remaining proton alternates between axial and equato- 
rial positions. 

The NMR spectrum of cyclohexane-d,, at various temperatures is shown in Fig. 13.19. At 
room temperature. the spectrum consists of a single line, as in cvclohexane itself. As the tem- 
perature is lowered progressively. the resonance becomes broader until. near —60 "C, it di- 
vides into two broad resonances equally spaced about the original one. When the temperature 
is lowered still further, the spectrum becomes two sharp single lines. Thus. lowering the tem- 
perature progressively retards the chair interconversion until. at low temperature, NMR spec- 
trometry can detect both chair forms independently. This 15 analogous to taking pictures of the 
propeller in Fig. 13.18 with a constant shutter speed and slowing down the propeller until the 
blur disappears and the individual blades become clearly separated. 

It is possible to use the information from these spectra at different temperatures to calcu- 
late the rate of the chair interconversion. The energy barrier for the chair interconversion 
shown in Fig. 7.5 was obtained from this type of calculation. 

Just as NMR spectroscopy detects a time-average of the two chair conformations of 
cyclohexane at room temperature. it also detects an average of all conformations of any mol- 
есше undergoing rapid conformational equilibria. Thus. the CH, protons of bromoethane 
(CH,CH,Br) give a single resonance and a single coupling constant for splitting by the CH, 
protons because the molecule undergoes rapid internal rotation about the carbon-carbon bond. 
If this rotation were so slow that the NMR spectrometer could resolve individual conforma- 
tions, the NMR spectrum of bromoethane would be more complex. 

The time-averaging effect of NMR is not limited simply to conformational equilibria. The 
spectra of molecules undergoing any rapid process, even a chemical reaction, are also averaged 


бо о2о 


ta) MHI rotations per second; (bi 1 rotation per second: іс) 0.01 rotation per second; 
image totally blurred individual blades visible individual blades visible 
but blurred and in sharp focus 


Figure 13.18 What we see when a three-blade propeller is rotated at various speeds and photographed for a 
duration of 0.1 secand.(a) Propeller speed = 100 rotations per second (100 Hz]; (b) Propeller speed = 1 Hz; (c) Pro- 
peller speed = 0.01 Hz. Notice that the individual blades of the propeller lose their identity, or blur, as the rotation 
rate increases, 
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Figure 13.19 The 60-MHz proton NMR spectrum of cyclohexane-d,, (structure in Eq. 13.14) as a function of tem- 
perature. Decreasing the rate of the chair interconversion by lowering the temperature causes the axial and equa- 
torial proton to be separately observable. 


by NMR spectroscopy. This is the reason. for example. that the splitüng associated with the OH 
protons of an alcohol is obliterated by chemical exchange (Sec. 13.7D). For example, consider 
the effects of chemical exchange on the spectrum of the CH, protons of methanol. In absolutely 
dry methanol. the resonance of these protons is split by the OH proton into a doublet. 


doublet in drv methanol; 
singlet in wet methanol ———* Н.С — OH ——— —— quartet in dry methanol; 


singlet In wet methanol 


Recall from Fig. 13.5 that this splitting occurs because the adjacent OH proton can have either 
of two spins. [f acid or base is added to the methanol, causing the OH protons to exchange 
rapidly, protons of different spins jump quickly on and otf the OH. Thus, the CH, protons on 
any one molecule are next lo an OH proton with spin +, half of the time and an OH proton 
with spin - half of the time. (The minuscule difference between the numbers of protons in 
(he two spin states can be ignored.) In other words, the CH, protons "see" an adjacent OH pro- 
ton with a spin that averages to zero over time. Because a proton is not split by an adjacent nu- 
cleus with zero spin, rapid exchange eliminates splitting of the CH, protons. Similar reason- 
ing can be applied to the spectrum of the methanol OH proton, which, in a dry sample, 15 a 
quartet, but is a singlet in a sample containing traces of moisture. 
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PROBLEMS | | 
| PROBLEMS. 13.28 Suppose you were able to cool a sample of |-hbromno- 1. ] .2-twichloroethane enough that rota- 
поп about the carbon-carbon bond becomes slow on the NMR rime scale; Whal changes in 


the NMR spectrum would you anticipate? Be explicit. 

13.29 Describe in detail what changes you would expect tu see in the ММК resonance of the 
methyl group as I-chloro-1-methylcyclohexane 15 cooled from room temperature to very 
low temperature. 


CARBON NMR 


Although we ve concentrated our attention on proton ММК. апу nucleus with a nuclear spin 
can һе studied by NMR spectroscopy. Table 13.4 lists а few other nuclei with spin = m For 
a given magnetic field strength. different nuclei absorb energs in different frequency ranges. 
For a given field strength Bj. the absorption frequency сап be calculated from Eq. 13.4 using 
the appropriate gyramagnetic ratio: 


_ Аё 


EN. е 
n fh Е В, TES RI 


DT 
In this equation, Se, is the energy separation between spin energy levels for nucleus 5, y, is 
the gvromagnetie ratio of nucleus я, and B, 1s the applied magnetic teld. This equation shows 
that the absorption frequency of any nucleus at à given magnetic Пе strength depends on its 
gvromagnetic ratio. For example. ihe gyromagnetie. ratio of the proton, yj. dis 26,753 rad 
eauss 7. IF the applied magnetic field, for example. is 20.500 gauss. an operating fre- 
queney of 300 MHz is required for proton NMR. Because the gxromagnetie ratio for "C is 
6728 rad gauss”! s^. or about one-quarter of that for à proton, the operating. frequency re- 
quired for °C NMR at the same field strength is also one-quarter of that for à proton. or about 
75 МНА. 

Suppose we have a molecule containing two different magnetically active nuclei. such as 
an alkyl fluoride that contains both Н and F. In the proton NMR spectrum of such a mole- 
cule. the NMR signals of protons are observed. but not those of the Duorines; (The proton 
хропе cased by the fuorines is observed. however: бес. 13.70.) To observe боге МАЙК, 
a different frequency range is used, in which case the Buorime resonances but not the proton 
resonances are observed, (In this situation. the splitting of fluorine signals caused by nearby 
protons would be observed.? 

Because organic compounds by definition contain carbon. the NMR spectroscopy of саг- 
bon, called carbon NMR spectroscopy, or "C NMR spectroscopy. would be very useful. 
Unfortunately, as Table 13.4 shows. the only isotope of carbon that has а nuclear spin is "C. 
Organic compounds contain only about 1.14 of CC at each carbon position, The relative 
abundance of C suggests that carbon NMR spectra should be about 1.1% as intense as pru- 
ton NMR spectra. Furthermore. the resonance of a C nucleus is also Paitrinsically weaker 
than that of a proton because of the magnetic properties of the curbon nucleus. The intrinsic 
intensity of he NMR signal from each nucleus is proportional to the cae ofits eyromagnetic 
ratio. Thus. the relative intensity of a proton signal versus that from the sume number of C 
atoms is буну = (26753/6.728Y.. or 62.9. [n other words, a carbon NMR signal is about 
1262.9 — 0.0159 times as intense as a proton signal. Because "C has a natural abundance of 
1.1. carbon resonances are only (0.01593(0.01 11 = 0.000175 times as intense as proton res- 
onances. The weak С NMR resonance ш one time presented à serious obstacle to detection, 
but advances in instrumentation have made it possible to obtain СО NMR spectra on com- 
pounds containing the natural abundance of C on a routine basis. The way this is done is that 
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ЦАС АШЫЙ Properties of Some Nuclei with Spin +} 


Relative Natural Observation Gyromagnetic 
Isotope sensitivity abundance, 96 frequency v,, MHz ratio* 
'H (1.00) 99.98 300 | 26,753 
E 0.0159 1.10 75 6,728 
"Е 0.834 100 282 25,179 


Hp 0.0665 100 122 10,840 


“Іп radians gauss ' s ^^ defined in Eq. 13.15. “At magnetic field B, = 70,500 gauss. 


many carbon spectra are taken quickly. stored digitally in a computer, and then added together. 
(See Sec. 13.11.) Because electronic noise is random, it 1s reduced when many spectra are 
added together, whereas the resonances themselves are enhanced. Almost 6000 CMR spectra 
must be added together in this manner to get the same intensity that we might obtain in a sin- 
gle proton NMR spectrum of the same compound at the same concentration. Nevertheless, 
techniques that allow acquisition of this many spectra in a few minutes are fairly routine. and 
"C NMR is now a very important spectroscopic technique in organic chemistry. 

Although the principles of ^C NMR and proton NMR are essentially the same. some as- 
pects of "C NMR are unique. First, coupling (splitting) between carbons is not generally ob- 
served. The reason is the low natural abundance of "C. Recall that ^C NMR measures the res- 
onance of "C, not the common isotope "C. If the probability of finding a "C at a given carbon 
is 0.0110, then the probability of finding "C at any two carbons in the same molecule is 
(0.0110), or 0.00012. This means that two "C atoms almost never occur together within the 
same molecule. (The two C atoms would have to occur in the same molecule for coupling to 
be observed.) It is possible, though, to prepare compounds that are isotopically enriched in 
АС in which case the usual splitting rules apply (see Problem 13.58, p. 642). 

A second important aspect of "C NMR is that the range of chemical shifts is very 
large compared with that in proton NMR. Typical carbon chemical shifts, shown in Fig. 13.20, 
cover a range of about 200 ppm. With a few exceptions, trends in carbon chemical shifts par- 
allel those for proton chemical shifts. but chemical shifts in "C NMR are more sensitive to 
small changes in chemical environment, As a result, it is often possible to observe distinct res- 
onances for two carbons in very similar chemical environments. This point is illustrated in the 
^C NMR spectrum of 3-methylpentane, in which each chemically nonequivalent set of car- 
bons gives а separate, clearly discernible resonance: 


5 18.6 
CH, 

His —b——6GH——SH;—— GHi 
6113 6293 à 36.2 


As this example illustrates, the chemical shift for a carbon depends on the number of attached 
carbons in the order of 6 (quaternary) > 6 (tertiary) > 6 (secondary) > б (methyl). 

A third unique aspect of "C NMR is that the splitting of "C resonances by protons 
( "C—'H splitting) is large; typical coupling constants are 120-200 Hz for directly attached 
protons. Furthermore. carbon NMR signals are also split by more remote protons. Although 
such splitting can sometimes be useful, more typically it presents a serious complication im the 
interpretation of ^C NMR spectra, because the '‘C—H splitting patterns overlap. In most 
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Figure 13.20 A carbon chemical-shift chart for common functional groups. The chemical-shift range for car- 
bons is more than 10 times that of protons. (Compare with Figure 13.4.) For that reason, carbons in very similar 
chemical environments usually give distinguishable resonances. 


^C NMR work, splitting is eliminated by a special instrumental technique called proton spin 
decoupling. Spectra in which proton coupling has been eliminated are called proton- 
decoupled "C NMR spectra. In such spectra a single unsplit line is observed for each chem- 
ically nonequivalent set of carbon atoms. 

These points are illustrated by the proton-decoupled "C NMR spectrum of I-chloro- 
hexane, shown in Fig. 13.21. The carbon spectrum consists of six single lines, one for each 
carbon of the molecule. The assignment of the lines in Fig. 13.21 shows that carbon chemical 
shifts, like proton chemical shifts, decrease with distance from the electronegative chlorine. 

^C NMR is particularly useful in differentiating closely related compounds on the basis of 
their molecular symmetry. The basis of this idea is that symmetrical compounds have fewer 
chemically nonequivalent sets of carbons than less symmetrical isomers. This point is 
illustrated in Study Problem 13.5. 
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Figure 13.21 The proton-decoupled "C NMR spectrum of 1-chlorohexane, Notice that the resonance of each 
carbon is visible. (The peaks labeled "CDCI," are due to the "C resonance of the solvent. The reason that the CDCI, 
carbon signal is a triplet is considered in Problem 13.42b.) 


Study Problem 13.5 


How would you use "C NMR spectroscopy to differentiate the two isomers |-chloropentane and 
3-chloropentane? 
Solution First, draw the structures of the two compounds, 

СІ 


| 
CHiCH;CH;CH;CH;Cl CH;,CH;CHCH;CH; 
1-chloropentane 3-chloropentane 


[f we assume that a separate resonance is observed for each chemically nonequivalent set of car- 
bons, then the proton-decoupled '*C NMR spectrum of |-chloropentane should consist of five 
lines, but that of 3-chloropentane should consist of only three lines: the two CH, carbons are 
chemically equivalent, and the two CH, carbons are chemically equivalent. As this example 
shows, if a molecule has symmetry, it will have fewer absorptions than there are carhons. 


PROBLEMS | | sa em NN | | Ра 
13,30 The proton-decoupled "C NMR spectra of 3-heptanol (A) and 4-heptanol (8) аге given in 
Fig. 13.22 on page 626. Indicate which compound goes with each spectrum, and explain 
your reasoning. 
13.31 Indicate two things you would look for in their "C NMR spectra to distinguish between 1,1- 
dichlorocyciohexane and cis-] .2-dichlorocyclohexane. 


Y 8 : \ : Р 

^C NMR spectra are generally not integrated because the instrumental technique used for 
taking the spectra (Sec. 13.11) gives relative peak integrals that are governed by factors other 
than the number of carbons. However, even this fact can be useful. For example, the proton de- 
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spectrum 1 


200 190 180 170 160 150 140 130 120 110 100 90 80 70 60 50 40 30 20 10 0 
chemical shift, ppm (8) 


spectrum 2 
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Figure 13.22 Proton-decoupled "C NMR spectra for Problem 13.30. 


coupling technique enhances the peaks of carbons that bear hydrogens; hence. resonances for 
carbons that bear no hydrogens, such as quaternary carbons, carbons of carbonyl groups. and 
the a-carbons of tertiary alcohols, are usually smaller than those for other carbons. 

A number of techniques enhance the utility of "C NMR by providing a count of the protons 
directly attached to each carbon. In other words, it is possible to determine which of the carbon 
signals in a ^C NMR spectrum come from methyl. methylene, methine, or quaternary carbons, 
One technique for making such a determination is known by the acronym DEPT (for Distor- 
tionless Enhancement with Polarization Transfer). The DEPT technique yields separate spectra 
for methyl, methylene, and methine carbons, and each line in these spectra corresponds to a line 
in the complete "C NMR spectrum. Lines in the complete "C NMR spectrum that do not ap- 
pear in the DEPT spectra arise from carbons that have no attached hydrogens. This technique 
is illustrated with the DEPT spectra of camphor (see Fig. 13.23). | 
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camphor 


(b) Methylene (CH;) carbons 


(c) Methine (CH) carbon 


| 
q 
LA A, didi s. 


(d) Complete '°C spectrum. The methyl carbons are labeled p (for primary), the methylene 
carbons s (for secondary), the methine carbon t (for tertiary), and the quarternary carbons q. 


a 
219 60 50 40 30 20 10 


chemical shift, ppm (6) 


Figure 13.23 The "C NMR spectrum of camphor (structure in the box above) edited by the DEPT technique. The 
absorptions for the methyl (CH,) carbons are given in part (a), the methylene (CH;) carbons in part (b), and the me- 
thine (CH) carbon in part (c), Each peak in these three spectra corresponds to a peak in the full spectrum, shown 
in part (9). Absorptions in the full spectrum that do not appear in parts (a), (b), or (c) are due to the carbonyl car- 
bon or the quaternary carbons. The number over each peak is the assignment using the carbon number in the 
camphor structure. Notice in the full spectrum that the intensities of the resonances for the carbonyl (carbon 2) 
and quaternary (carbons 1 and 7) carbons are lower than the intensities of carbons with attached hydrogens. 
(Courtesy John Kozlowski, Purdue University.) 
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Study Problem 13.6 


Notice two other things in the full spectrum of camphor (Fig. 13.234). First, the intensities 
of the quaternary carbons are smaller, a point made previously. Second, the chemical shifts of 
the carbons remote from the carbonyl group (carbons 4—9) are in the order quaternary > ter- 
tiary > secondary > methyl. This trend was also mentioned previously in this section, (The 
shifts of the carbons thal are part of, or near, the carbonyl group are increased by the elec- 
tronegativity of oxygen and the deshielding effects of 7-electron circulation. effects that are 
also observed in proton NMR spectroscopy: see Fig. 13.14.) 


A compound C;H,,O, has the following "С NMR-DEPT spectrum (the numbers in parentheses 
indicate the number of attached hydrogens): 


615.2 (3), 659.5 (2). 6 112.9 (1) 


Propose a structure for this compound. 


Solution The compound has no rings or double bonds because its unsaturation number is zero. 
The simplest assumption from the ^C NMR spectrum is that the compound has three chemically 
nonequivalent sets of carbons, because there are three lines. One set (8 15.2) consists of methyl 
groups (three attached hydrogens) which, from their chemical shift, are not very close to the 
OXygens. 

| | 

8 15.2 

Another set consists of methylene (CH.) groups, which are within the chemical shift range for the 
a-carbons of ethers (Fig. 13.20). 


| 


5 59.5 


The last set consists of one or more methine (CH) groups, which, from the chemical shift, must be 
bound to more than one oxygen. 


C — O— 
a or я! == 
E 
6112.9 


Only the triethoxy methane structure gives only three absorptions while accommodating these par- 
lial structures: 
OCH;CH; 


OCH;CH; 
triethoxymethane 
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OBLEM ' y ; \ | А i 
13.32 Explain why each of the following structures is мо? consistent with the "C NMR data in 
Study Problem 13.6. 


(a) OCH;CH, (b) CH3OCH, 
OCH, CH;OCH; 


SOLVING STRUCTURE PROBLEMS WITH SPECTROSCOPY 


You are now ready to use what you know about IR, NMR, and mass spectrometry to solve 
some problems that require more than one of these techniques. Study Problems 13.7 and 13.8 
illustrate the techniques involved. Although no single method works in every case, the follow- 
ing suggestions should prove useful. 


|. From the mass spectrum determine, if possible, the molecular mass. 

2. Ifan elemental analysis is given, calculate the molecular formula and determine the un- 
saturation number. 

3. Look for evidence in both the IR and NMR spectra for any functional groups that are 
consistent with the molecular formula: OH groups, alkenes, and so on. Write down any 
structural fragments indicated by the spectra. 

4. Use the "C NMR spectrum and. if possible, the proton NMR spectrum, to determine the 
number of nonequivalent sets of carbons or protons (or both). Ifthe proton NMR spectrum 
is complex, this may not be possible, but you should be able to set some limits. 

5. Apply the suggestions in both Sec. 13.3F and Sec. 13.4C io complete your analysis by 
NMR. Be sure to write out partial structures and all possible complete structures that 
are consistent with vour spectra. As you write out partial structures. notice how many 
carbons are unaccounted for: different partial structures may have carbons in common. 
Decide between possible structures by asking what features of the different spectra 
would be expected for each, and look for those features; it is sometimes easy to overlook 
some feature of a spectrum that will decide between structures. 

6. Finally. rationalize all spectra for consistency with the proposed structure. 


Study Problem 13.7 


Propose a structure for the compound with the IR, NMR, and EI mass spectra shown in Fig. 13.24 
on p. 63]. 


Solution The EI mass spectrum of this compound shows a pair of peaks at m/z = 90 and 92, 
with the latter peak about one-third the size of the former. This pattern indicates the presence of 
chlorine. Furthermore, the base peak at m/z = 55 corresponds to a loss of Cl (35 and 37 mass 
units, respectively). Let's adopt the hypothesis that this is a chlorine-containing compound with 
molecular mass of 90 (for the *C] isotope). In the IR spectrum. the peak at 1642 cm”! suggests а 
C=C stretch, and, in the NMR spectrum, there is a complex signal in the vinylic proton region. 
Evidently this compound is a chlorine-containing alkene. 

In the NMR spectrum. the total integral is 43.996 units: the vinylic protons at 6 5-6 account 
for (6667 + 12007) = 18.674 units, or 42% of the integral. The quintet at 5 4.6 accounts for 
5768 units, or 13% of the integral. The doublet at 6 1.6 accounts for 44% of the total integral. The 
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integrals of the three sets of resonances are (in order from highest 6) in the ratio of about 3:1 : 3, 
to the nearest whole numbers. The integral suggests some multiple of seven protons. If the com- 
pound has seven protons (7 mass units) and one chlorine (35 mass units), then the remaining 48 
mass units can be accounted for by four carbons, two of which are part of an alkene double bond. 
А possible molecular formula is then C,H,Cl. (Would 14 protons be a likely possibility? Why or 
why not?) 

The unsaturation number for this formula is |. Hence, the molecule contains only one double 
bond. Because the NMR integral indicates three vinylic protons, the molecule must contain a 
—CH=CH, group. In the IR spectrum, the peaks at 930 and 990 cm ^! are consistent with such a 
group, although the former peak is at somewhat higher wavenumber than is usual for this type of 
alkene. The three-proton doublet at 6 1.6 suggests a methyl group adjacent to а CH group. 


H,C—CH— 


The 64.6 absorption accounts for one proton, and its coupling constant (J = 6.6 Hz) matches that 
of the absorption at 6 1.6. The splitting and chemical shift of the 6 4.6 absorption fit the partial 
structure 


Cl 
H,C —CH— CH= 
With a molecular mass of 90 and three vinylic protons, the only possible complete structure is 


ea 65.9-6.0 
61.60 H;C—CH—CH=CH, 685.0-5.3 
64.60 


Study Problem 13.8 


A compound C,H,.O, with a strong, broad infrared absorption at 3293 cm“ has the following 
proton NMR spectrum: 


61,22 (12H. s); 6 1.57 (AH, s); 6 1.96 (2H, s) 


(The resonance at 6 1.96 disappears when the sample is shaken with D,O.) The proton-decoupled 
^C NMR spectrum of this compound consists of three lines, with the following chemical shifts 
and DEPT data (in parentheses) for attached protons: 


5 29.4 (3), 8 37.8 (2), 6 70.5 (0) 


Identify the compound. 


Solution The IR spectrum indicates the presence of an alcohol, and the disappearance of the 

8 1.96 NMR absorption after the D,O shake (Secs. 13.6 and 13.7D) provides confirmation. Fur- 
thermore, because this absorption integrates for two protons, and because the formula contains two 
oxygens, the compound is a diol. Because the proton NMR spectrum contains no a-hydrogen ab- 
sorptions in the 5 3—4 region, both alcohols must be tertiary. The proton NMR indicates only three 
chemically nonequivalent sets of hydrogens, and the "C NMR indicates only three chemically non- 
equivalent sets of carbons, one of which must be the two a-carbons of the tertiary alcohol groups. 
The DEPT data confirm that one set of carbons indeed has no attached protons, as expected for a 


(continues on page 632) 
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Figure 13.24 Proton NMR, IR, and El mass spectra for Study Problem 13.7. The red number over each expanded 
resonance in the NMR spectrum is the value of the integral in arbitrary units. 
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tertiary alcohol. and the chemical shift is consistent with that expected for the a-carbon of an alco- 
hol. The presence of only three nonequivalent sets of protons and three nonequivalent sets of car- 
bons requires a structure of considerable symmetry. The only structure that fits these data is 


CH; CH; 
H ae d —CH;CH;—C —CH; 
он он 
2,5-dimethyl-2,5-hexanediol 


PROBLEMS 13.33 (a) Tell why each of the following structures is inconsistent with the data in Study Problem 
13.7. 


tratis-1-chloro-2-butene 2-chloro-1-butene 


А В 


(b) Although we did not have to analyze the vinylic proton resonances in detail to determine 
the structure at the end of Study Problem 13.7, it is interesting to consider these reso- 
nances further. First, justify the assignments given at the end of the Study Problem for the 
resonances of the vinylic protons. Then notice in the NMR spectrum (Fig. 13.24) that the 
=CH, proton resonances do not split each other detectably (Table 13.3, geminal pro- 
tons). Next, draw out the structure of this compound to show the stereochemical relation- 
ships of the —CH, protons to the other vinylic proton. Which resonances in the 8 5.0-5.3 
region go with which =CH, proton? How do you know? (Hint: See Fig. 13.15, p. 615.) 

13.34 Tell why each of the following structures is not consistent with the spectroscopic data in 

Study Problem 13.8. 


CH, CH, 


„зс жак oe 
OH OH НС 
А 


THE NMR SPECTROMETER 


The basic components of an NMR spectrometer are shown in Fig. 13.25. An NMR instrument 
requires, first. a strong magnetic field to establish the tiny energy differences between nuclear 
spin states. Early NMR instruments employed electromagnets or permanent magnets that gen- 
erated fields in the range of 7,000—23,000 gauss. Modern instruments utilize large solenoids— 
essentially doughnut-shaped wire coils—fabricated of superconducting wire. Current flowing 
in the coil generates the magnetic field. In a superconducting wire, electric current, once es- 
tablished, persists indefinitely and flows without electrical resistance. Superconducting sole- 
noids are required because the electric current required for large magnete fields would gener- 
ate far too much resistance (and therefore heat) in a conventional, nonsuperconducting 
solenoid. Most metals that exhibit superconductivity do so only at very low temperatures. Be- 
cause liquid helium ts used to maintain these low temperatures, the solenoid ts housed in an 
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Figure 13.25 А 300-MHz NMR spectrometer with a cross-section of the solenoid vessel. The height of the sole- 
noid is about one meter. (The size of the sample and rf coil are exaggerated.) The heart of the solenoid is a coil of 
superconducting wire. Because superconductivity requires extremely low temperatures, the coil is immersed in 
liquid helium, which has a temperature of about 4 K. This is insulated from the surroundings by an evacuated con- 
tainer (essentially a large thermos bottle), which itself is contained within another "thermos bottle" of liquid nitro- 
gen. When the solenoid is energized, a large current flows around the coil with zero resistance. This current gener- 
ates the magnetic field of 70,500 gauss (red dashed lines). The large current required for a field of this magnitude 
is possible only with superconducting alloys; too much heat would be generated with conventional wire. The sam- 
ple, contained in a small glass tube, is placed inside the sample probe within the gap in the center of the solenoid. 
Within the probe the sample is surrounded by the radiofrequency (rf) coil, which is used to transmit rf radiation 
and to measure rf ernission. The sample tube is spun rapidly to average out small differences in the field through- 
out the sample. Many of the spectra in this text were obtained with this instrument. 


superconducting coil 
bathed in liquid helium 
` 7 
= “ 


"ec — — cmm | — à 


elaborate cryostat (essentially. a multiwall thermos bottle). It is possible to construct super- 
conducting solenoids that can develop magnetic fields greater than 200,000 gauss. 

The second instrumental component of the NMR experiment is the radiofrequency (rf) ra- 
diation. Application of rf radiation and detection of its absorption are managed through the 
use of a small wire coil surrounding the sample. which is held in a glass tube that is rapidly 
spun about its longitudinal axis. The sample and the rf coils are housed in a precisely con- 
structed probe that can be inserted into the center of the solenoid (that is, into the "hole" in the 
wire "doughnut"). Except for the magnet or solenoid, the ММК instrument is in essence а 
radio transmitter and receiver. 
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Further Exploration 13.2 
Fourier-Transform 
NMR 


NMR experiments in early instruments involved varying the frequency of the rf radiation 
slowly and detection of each resonance separately. With this technique, a spectrum was ob- 
tained in a few minutes. Although this technique was used in spectrometers through the early 
1970s. modern NMR spectrometers employ a technique for taking spectra called pulse- 
Fourier transform NMR (FT-NMR). In FT-NMR, all of the proton spins are excited instan- 
taneously with an rf pulse containing a broad band of frequencies, and the spectrum is ob- 
tained bv analyzing the emission of rf energy as the spins return to equilibrium. With 
FT-NMR, an entire proton NMR spectrum сап be obtained in less than à second. Conse- 
quently, a large number of spectra of a given sample (anywhere from 50 to 20,000, depending 
on the sample concentration and the isotope) can be recorded in a relatively short time. A com- 
puter stores, analyzes, and mathematically sums the spectra. Because electronic noise is ran- 
dom, it sums to zero when averaged over many spectra, whereas the resonances of the sample 
reinforce to give a much stronger spectrum than could be obtained in a single experiment. The 
FT-NMR technique has made possible the routine use of ЭС NMR for structure determina- 
tion. FT-NMR instruments became truly practical with the advent of relatively inexpensive 
dedicated small computers that are required for application of the FT-NMR technique. 

The FT-NMR method was conceived by Richard R. Ernst (b. 1933) of the ETH (Federal 
Technical institute) in Zürich. Switzerland: for this contribution, һе was honored with the 
199] Nobei Prize in Chemistry. 


OTHER USES OF NMR 


In addition to its use for structure determination. NMR has many other applications. Solid- 
state NMR is being used to study the properties of important solid substances as diverse as 
drugs. coal, and industrial polymers. Phosphorus NMR (Р NMR) is being used to study bio- 
logical processes, in some cases using intact cells or even whole organisms. A clinical appli- 
cation of NMR is NMR tomography, or magnetic resonance imaging (MRI). By monitoring 
the proton magnetic resonance signals from water in various parts of the body, physicians can 
achieve organ imaging without using X-rays or other potentially harmful types of radiation. 
The brain image in Fig. 13.26 was obtained by this method. 


Figure 13.26 Magnetic resonance imaging can show the details of soft tissue not visible in X-ray images, as in 
this brain scan of a 69-year-old fernale. 
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A relatively recent application of MRI ts junction! MRI uv MRD. in which mental opera- 
tions can be mapped by observing differential blood flow to various areas of the brain. This ts 
possible because deoxygenated blood has magnetic properties that impart relatively high con- 
{гам lo MRE images. The reduction in contrast that is produced with a relatively higher level 
of oxygenated blood can be transkated inte maps of brain activity associated. with such 
processes as learning or thinking about a loved one. Functional МЕТ also promises te open 


new windows on mental illness, 


Once à curiosity in a physies laboratory. nuclear magnetic resonance has revolutionized not 
only chemistry but also human medicine. and the end is not in sight on either frontier. 


B The NMR spectrum records the absorption of energy 


by nuclei from a radio-frequency (rf} source in the 
presence of a magnetic field. Absorption results in 
"spin-flipping"—that is, promotion of nuclear spins to 
a higher energy level. 


Only nuclei with spin give NMR spectra; protons (Hj 
and carbon-13 (C) nuclei have spin + |. 


The three elements of a proton NMR spectrum are the 
chemical shift, which provides information on the 
chemical environment of the observed protons; the 
integral, which indicates the relative number of pro- 
tons being observed; and the splitting. which gives in- 
formation about the number of protons {ог other 
spin-active nuclei) on adjacent atoms. 


Proton and carbon-13 chemical shifts can be esti- 
mated using Fig. 13.4 and Fig. 13.20, respectively. 


Chemically nonequivalent nuclei in principle have dit- 
ferent chemical shifts. Constitutionally nonequivalent 
nucle: and diastereotopic nuclei are chemically non- 
equivalent, 


The n + 1 rule determines the splitting observed in 
many spectra. When a nucleus is split by more than 
one chemically nonequivalent set of nuclei, the ob- 
served splitting is the result of successive applications 
in any order of the splittings caused by each set. 


Splitting by nuclei of spin +, such as the proton, re- 
sults in splitting patterns in which the individual tines 
ideally have the relative intensities shown in Table 
13.2. In practice, splitting patterns show leaning: they 
deviate from these intensities, and the deviation is 
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greater as the difference in the chemical shifts of the 
mutually split protons is smaller. 


Splitting more complex than that predicted by the 
n + 1 rule is observed when the resonances of two 
coupled protons (in Hz) differ in chemical shift by an 
amount that is comparable to their mutual coupling 
constant.Because the chemical shift in Hz increases in 
proportion to the operating frequency, but coupling 
constants do not, many compounds that give non- 
first-order spectra at a lower field give first-order 
spectra at a higher field, 


Deuterium resonances are not observed in a proton 
NMR spectrum. Thus, shaking the solution of an alco- 
hol with D,O (the "D-0 shake") removes the resonance 
of the OH proton because of its rapid exchange for 
deuterium. 


A time-averaged NMR spectrum is observed for 
species involved in rapid equilibria, It is possible to 
observe absorptions for the individual species by re- 
tarding the processes involved in the equilibria (for 
example, by lowering the temperature), 


The NMR of carbon nuclei in a compound can be ob- 
served asa ^C NMR spectrum, despite the iow natural 
abundance of this isotope. 


In a proton-decoupled "C NMR spectrum, the 
carbon-proton couplings are removed; each chemi- 
cally nonequivalent set of carbons appears as a single 
line. The number of protons attached to each carbon 
can be determined using the DEPT technique. 


636 


CHAPTER 13 * NUCLEAR MAGNETIC RESONANCE SPECTROSCOPY 


ADDITIONAL PROBLEMS 


Note: In these problems, assume that the term NMR refers to 


proton NMR unless otherwise indicated. Assume that all °C 
NMR spectra are proton-decoupled. 


13. 


JT. 


EN 
ER 


| 3.36 


[3.38 


What three types of information are available from an 
NMR spectrum? How is each used? 


How would vou distinguish among the compounds 

within each of the following sets using their NMR 

spectra? Explain carefully and explicitly what features 

of the ММК spectrum you would use. 

(a! cyclohexane and trans-2-hexene 

(b) trans-3-hexene and |-hexene 

(c? L1 -dichlorohexane, 1.6-dichlorohexane, and 1.2- 
dichlorohexane 

(d) tert-butyl methyl ether and isopropyl methyl ether 

(e CLC—CH,—CH.,—CHF, and 
HIC—CH,—CCl; —CCIF, 


Answer each of the following questions as briefly as 

possible. 

(a) How does NMR spectroscopy differ conceptually 
from other forms of absorption spectroscopy? 

(h) What happens physically when energy is absorbed 
by nuclei in an NMR experiment? 

(c) How does chemical shift (in Frequency units) of a 
proton change with the size of the field imposed by 
the NMR instrument? 

(d) What is the relationship between coupling constant 
J and the size of the field imposed by the NMR in- 
strument? 

(e) Why does the chemical shift in ppin not change 
with operating frequency? 

(Г) What condition must be met for an NMR spectrum 
to be first-order? 


Give the structure of each of the following com- 

pounds. (In some cases, more than one correct answer 

Is possible.) 

(a! a six-curbon hydrocarbon. not an alkene, whose 
proton NMR spectrum consists of one singlet 

(b) a six-carbon alkene whose proton NMR spectrum 
consists of one singlet 

(c) an eight-carbon ether whose proton NMR spectrum 
consists of one singlet and whose proton-decoupled 
^C NMR spectrum consists of two lines 

(d) a nine-carbon hydrocarbon whose proton NMR 


spectrum consists of two singlets. 


13.40 


(e) a seven-carbon hydrocarbon whose proton NMR 
spectrum consists of two singlets at 6 0.23 and 
à 1.21 (relative integral 1:6) and whose proton- 
decoupled C NMR spectrum consists of three 
absorptions 


Give the structure that corresponds to each of the fol- 

lowing molecular formulas and NMR spectra: 

a) CHi 6093.5. (b) CH б 1.5, 5 

(c) CH0,: 6 1.36 (3H, d. J = 3.5 Hz): 

63.32 (6H. 5): 64.63 (1H, q = 5. 5 Hz) 

(d) C-H 0: NMR spectrum in Fig. P3, 39a. 

(e) СН: NMR spectrum in Fig. PE3.39b. This com- 
pound undergoes catalytic hydrogenation to give 
2,2.4-trnimethy pentane. 

(1) C-H Ch: 8 1.07 (integral = 6203. s); 6 2.28 (inte- 
gral = 1402, d. / = 6 Hz); 6 5.77 (integral = 700, 
t. 4 = 6 Ня), Note: The integrals are given in arbi- 
trary units. 

Ig) C,H.Br,F.: 6 4.02 (t, J = 16 Hz) 

ih) C.H.F,f: 8 3.56 (9. 7 = 10 Hz 

D CHO; 6 1.93 it, J = 6 Hz): 

6 3.35 (s); 64.49 (t, 7 = 6 Hz): 
relative integral 1:6: 1 
(D C,H,,O: 80.91] (6H, d. J = 7 Hz): 
Ô 1.17 (6H, 5): 8 1.48 (LH, s; 
disappears following Р.О shake): 
6 1.65 (1A. septet, J = 7 Hz) 
"^C NMR: 817.6, 8 26.5, 838.7. 573.2 


Suppose you wish to carry out the following reactions 
and you have the NMR spectrum of each starting mate- 
rial. In each case, explain what evidence vou would 
look for in the NMR spectra to verify that the reactions 
have proceeded as shown. 
(aj (CH; C— CH; + HBr —— (CH;),CBr 
(b (CH,JC-—C(CH4. + HC] —- 

(CH3); CHC(CHA); 


CI 


А compound A reacts with H, over Pd/C to give 
methylcyclohexane. A colleague, Al Keen, has deduced 
that the compound must be either ]-methyleyclohexene 
or 3-methyleyclohexene. You have been called in as a 
consultant to help Keen decide between these two 
structures. What evidence would you look for in the 
proton NMR spectrum to decide between these two 
possibilities? 
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13.42 How many absorptions should be observed in the C (a) CH; (h) CH; 
NMR spectrum of each of the following compounds"? 
(Assume that the chair interconversion is rapid.) 


Кош “Сн, H;C СН, 


chemical shift, Hz 
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disappears after 
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(а) chemical shift, ppm (&) 


chemical shift, Hy 
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| 


0.89 Hz 
— | 1 
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(b) chemical shift, ppm (б) 


Figure P13.39 NMR spectra for (a) Problem 13.39d and (b) 13.39e. The red numbers in each spectrum are the 
relative integrals in arbitrary units.In (b), the violet numbers are coupling constants. 
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13.43 Explain how the proton NMR spectra of the com- ic} Ci CI 
pounds within each of the following sets would differ, | | 
if at all. à | 
(a) (CH3)9CH — CI and (СН: С0— СЇ Cl él CICH,—C—D 
ib) | 
(15,28)-р — CH—CH — CH; CH; 


C]—CD,CH,CH,—Cl and CI—CH,CH;CH,—Cl 


chemical shift, Hz 
2400 2100 1800 1500 1200 900 600 300 ü 


compound В 


(Сън) 


(а) chemical shift, ppm (5) 


chemical shift. Hz 
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compound C 
(C&H2) 


10.5 Hz 


i 
я 


(Б) chemical shift, ppm (6) 


Figure P13.44 NMR spectra for Problem 13.44. (a) Spectrum of compound В, (b) Spectrum of compound С, The 
red numbers in each spectrum are the relative integrals in arbitrary units and the violet numbers are coupling 
constants. 


13.44 Each of four bottles, A, B, C, and D, is labeled only 


“C,H, and contains a colorless liquid. You have 
been called in as an expert to identify these com- 
pounds from their spectra: 


Compound A: 

NMR: one line only at à 1.66 (s); IR; no absorption 
in the range 1620-1700 cm" ': reacts with Br. in 
CCl, 

Compound B: 

ІВ: 3080, 1646, 888 ст”: NMR spectrum in 

Fig. P13.4Ja 

Compound С: 

IR: 3090, 1642, 911, 999 стт‘; NMR spectrum in 
Fig. P13.44b 

Compound £: 

NMR: one line only at 8 1.40 (s); does not react 
with Br, in CCI, 


13.45 To which of the following compounds does the NMR 


spectrum shown in Fig. P13.45 belong? Explain your 
choice carefully. Once you have made your choice, ex- 


plain why the resonance al 6 3.7 is so complex. 
с15-3-һехепе (2)-1-ethoxy-1-butene 


Á H 


13.46 


chemical shift, Hz 


2400 2100 1800 1500 


1200 
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2-ethyl- I-butene CLCH-—CH(OCH;CH) 
C D 


GCI—CH CAd 


CH;CH-© OCH,CH; 


To which of the following compounds does the follow- 
ing "C NMR-DEPT spectrum belong (attached pro- 
tons in parentheses): 

6 15.5 (3). 6 20.1 (3), 660.7 (2), 6 99.6 (1) 
CH4CH;O —CH —OCH,;CH; 


CH; 
А 
CH,OCH,—CH — CH;OCH; 
m 
B 
а д 


СН 3 CH; 


900 600 300 Ü 


chemical shift, ppm (6) 


Figure P13.45 The NMR spectrum for Problem 13.45. The red number above each resonance is its relative inte- 


Qral in arbitrary units. 
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[3.47 Although this chapter has discussed only nuclei that 
have spin +4, several common nuclei such as "N and 
deuterium (^H. or D) have a spin of 1. This means that 
the spin has three equally probable possibilities: +1, 0, 


the C NMR spectrum of CDCI,? (For the answer, 
see Fig. 13.21 on p. 625.) 

(€) Although the splitting of protons by deuteriums on 
adjacent carbons is generally negligible, the split- 


and — 1. ling of protons by deuteriums on the same carbon 
can be significant. Explain how vou could tell sam- 
ples of H.CD—1, D,CH—I. and D,C—I apart hy 
proton NMR. What other technique could be used 
for this determination? 


(a) How many lines would you expect to observe in 
the proton NMR of *NH,? What is the theoretical 
relative intensity of each line? 

(b: How many lines would you expect to observe in 


chemical shift. Hz 
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compound А 
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Figure P13.48 NMR spectra for Problem 13.48. (a) Spectrum of compound А. (b) Spectrum of compound B.The 
red number above each resonance is its relative integral in arbitrary units. In the spectrum of compound B, the ex- 
pansion of the resonance at à 5.1 is on a larger horizontal scale than the expansions of the other resonances, The 
violet numbers in spectrum (b) are coupling constants. 
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13.48 A compound А has a strong, broad IR absorption at 13.51 You work for a reputable chemical supply house. An 
3200-3500 стт! and the proton NMR spectrum angry customer, Fly Ofterhandle, has called. alleging 
shown in Fig. P13.48a, Treatment of compound A with that a sample of 2,5-hexanediol he purchased cannot 
H,SO, gives compound B, which has the NMR spec- be the correct compound. As evidence, he cites its "С 
trum shown in Fig. PI3.48b and a molecular ton at NMR spectrum: 

m/z = 84 in its El mass spectrum. Identify compounds 8232. 823,5. 835.1. 835.8. 867.4, 867.8 
A and В. 
(Notice that the spectrum contains three sets of lwo 

13.49 Identify the compound A (С.Н О) with the proton closely spaced absorptions.) After verifying the °C 
NMR spectrum shown in Fig. P13.49. Compound А ММК spectrum, you can confidently assure him that 
has ER absorptions at 3200-3600 em" ' (strong, broad). the sample he purchased contains only 2,5-hexanediol. 
1676 ст! (weak), and 965 em", and also has "C Explain why the C NMR spectrum is consistent with 
NMR absorpuions (attached protons in parentheses? at this claim. 

617.5 (3), 623.3 (3). 6868,.5(1)1.8 125.5 (1), and 6 

125.5 (1). Compound A is optically inactive, but it can 13.52. (a) How many different sets of proton absorptions (ig- 

he resolved into enantiomers. noring splitting} should be observed in the proton 
NMR spectrum of 4+-methyl!-|-penten-3-o1? 

13.50 Propose a structure for the compound that has the Fol- (b) How many absorptions should there be in the С 
lowing spectra: NMR spectrum? 


NMR: 81L281(3H,t,/ = 7 Hzy 8391 (2H. q, J — 7 


х | | 13.53 (а) How would the proton NMR spectrum of very dry 
Hz): 65.0 (1H, d. J = 4 Ну): 86.49 (EH, d. J AP 


2-ehloroethanoel ditfer from that of the same corm- 


= 4 Ну) | "HS. í рге | 
pound containing a trace of aqueous acid? Explain 
IR: 3100. 1644 (strong), 1104, 1166, 694 cm"! your answer. 
(strong); no [R absorptions in the range (b) How would the proton NMR spectrum of the com- 
700-1100 ст! or above 3100 стт! ооа оба fel chianée ооа а КА chaldi 


Mass spectrum: m/z = 152. 150 (equal intensity: dou- 
ble molecular ion) 


chemical shift. Hz 
2400 2100 | 800 500 1200 J00 HOO 300 0) 


6.3 Hz 


—»--]| = 


disappears ff 


on 250 shake i 


chemical shill, ppm (6) 


Figure P13.49 NMR spectrum for Problem 13.49. The integral is shown above each resonance in red as the 
actual number of hydrogens, and the violet numbers are coupling constants. 
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13.54 The NMR spectrum of vitamin D, is given in Fig. 


PI3.54. 
d 
HO "" 
[1 
т CIL 


CILECILCHCH 


CH, 


vitamin D 


Interpret the resonances marked with an asterisk (5) bs 
indicating the part of the structure to which they corre- 
spond. (Do not try to assign the indi idual resonances 
within the groups.) Explain your choices, 


15.55. A compound X with the molecular formula C.H О. 
haus an IR spectrum with strong absorption in the 
HOOC - T LOO em ! region; very strong. broad absorption 
in the 3000-3600 cm ^! region; and no absorption in the 
1600. 1700 em"! region. The proton NMR spectrum of 
X Is given in Fig. P13.55. When the sample is shaken 
with DO. the triplet at д 3.5 disappears and tho doublet 
ab o 3.7 becomes a singlet; Propose a structure for this 


compound, and explain your reasoning carefully, 


13.56 ' O Is a rare isotope that hus a nuclear spin. The 70 
ММВ ot a small amount of water dissolved in CCÍ, js 
à triplet intensity ratio 1: 2:11 When waler is dis- 
solved in the strongly acidic HE-SbE, solvent its ! O 
NAMR hecomes à 1:3: 3:1 quartet. Sugeest a reason 
[or these observabions. (Анни: Think ofthis solvent as 
Н” 5hbb,.! 


13.57 Imagine taking the ММК spectrum of a sample of 
"naked" protons—-that is, H* in the vas phase nol 
chemically bound to anything. In which of the follow 
ing ranges of chemical shills would you expect to tind 
the resonance for these protons, and why? 

0.8 мой» й Оа. negative 3i 

13.58 Carbon-carbon splitting is not apparent in natural 
abundance C NMR spectra because of the rarity of 
the "С isotope. However. it can be observed in com- 


pounds that are enriched in С. A chemist. Buster 
Magnet, has just completed a synthesis of CH,CH.Br 
thal contains 50% "C ar each position. «What this re- 
aly means is that some of the molecules contain no 
"C. some contain C at one position. and seme gon- 
tain C at both positions.) Buster does not know а hat 
ta expect For the spectrum of Uns compound and has 
come to vou tor assistance, Deseribe the proton- 
decoupled C NMR spectrum of this compound. 
(Ийи: List all ot the species present and decide on 
their relative amounts. To determine their relative 
amounts. remember that the probability that two events 
will oceur simultaneousls ts the product of their indi- 
vidual probabilities, The spectrum of a mixture shows 


peaks for each compound in the mixture, | 


[3.59 (a) Because elecirons hive spin. they can also undergo 
magnetic resonance. Ere IOR spin resonance spet- 
froscepy ESR spectrescops ) 18 used to study the 
magnete resonance of unpaired electrons in free 
radicals. (ESR spectroscopy is ta unpaired elec- 
Irons what NMR speciroscopy is to protons.) Ex- 
plain why the ESR spectrum of the unpaired 
electron in the methyl radical. CH, is a quartet of 
Four lines ina 1:3: 3:1 ratio, 

th) The gyromagnetie тано of the electron is 

17.60 x 1" rad eauss ^ s !, 658 limes greater than 
that of the proton, What operating frequency would 
be required ta detect the magnetic resonance of an 
unpaired electron in a magnetic feld of 3400 gauss 
ѓа common field used in ESR spectrometers? In 
what egion of the electromagnetic spectrum does 
this frequenes Не? (Consult Fie, 12.2 on p. 539.1 


13.60. The 60-MH proton NMR spectrum of 2,2,3,3-1etra- 
chlorobutane consists of à sharp singlet at 23 °С, hut at 
—43 °C consists of two singlets of different intensities 
separated by about 10 Hz. 
ta] Explain ihe changes in the spectrum as a function 
of temperature. 
ih} Explain why the two lines observed at low temper- 


ature hase different intensities. 


13.61 What changes would you expect in the "С NAIR spec: 
bunt ol I-hromopropane upon coeling the compound 
to very low temperature? 
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Figure P13.54 The NMR spectrum of vitamin D,. The values of the integral for various regions of the spectrum 
are given as red numbers, and the violet numbers are coupling constants. The expansion of the 56.0-6.4 region is 
on a different scale than the other expansion. 


chemical shift, Hz 
2400 2100 1 800 1500 1200 900 600 300 0 


chemical shift, ppm (9) 


Figure P13,55 The proton NMR spectrum for Problem 13.55. The integrals (red) are the actual numbers of hy- 
drogens, and the violet numbers are coupling constants, 
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The Chemistry of 
Alkynes 


An alkyne is a hydrocarbon containing a carbon-carbon triple bond; the simplest member af 
this family 15 acetvlene, H—C==C—H., The chemistry of the carbon-carbon triple bond is 
similar in many respects to that of the carbon-carbon double bond: indeed, alkvnes and 
alkenes undergo many of the same addition reactions. Alkvnes also have some unique chem- 
istry, most of it associated with the bond between hydrogen and the triply bonded carbon. the 
=C—H bond. 


NOMENCLATURE OF ALKYNES 


in common nomenclature, simple alkynes are named as derivatives of the parent compound 
acetylene: 


H,C—C=cCc—H 


methylacetylene 


HsC—C=C—CH, 


dimethylacetylene 
CH;CH;—C=C—GH, 
ethylmethylacetylene 


Certain compounds are named as derivatives of the propargyl group, HC=C—CH,—., in 
the common system. The propargyl group is the triple-bond analog of the allyl group. 


HL cU —GEO— 0 H.C—CH —CH;—Cl 
propargyl chloride allyl chloride 
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We might expect the substitutive nomenclature of alkynes to be much like that of alkenes, 
and it is. The suffix ane in the name of the corresponding alkane is replaced by the suffix 
yne, and the triple bond is given the lowest possible number. 


| а — i —_ SA CH,CH3CH.CH,—_-C==C—CH, LC Ны, 
propyne 2-heptyne i-butyne 
h3C—_Ch—_—C=C—ci, HomC—CH,—CH3j—Czzc—GHs 


бн, 1,5-heptadiyne 


4-methyl-2-pentyne 


Substituent groups that contain a triple bond (called a/kynv! groups) are named by replac- 
ing the final e in the name of the corresponding alkyne with the suffix y/. (This 1s exactly anal- 
ogous to the nomenclature of substituent groups containing double bonds; see Sec. 4.2A.) The 
alkynyl group ts numbered from its point of attachment to the main chain: 


HESL HC=C—CH,;— 


ethynyl group 2-propynyl group 
(ethyne + yl) 


OH 


| : 
CH,C=CH 


3 (2-ргорупу1)сусіоһехапо! 
№ 


П 
| "position of triple band within the substituent 


| 
position of rhe 2-ргорупу group on the ring 


ipal g cups, such as the —OH group in 


ы РЕЧ ^ E 
in ne ical эгер “den сс (Y Yer 


As with alkenes, elt that can be cited as pri 


ait у Ave ac qm the nre wiry TT 
wing T: прі 2 (i "cl me {ПК SVICWIRS ОП! I NETTE 


bond. ie Append Hora summary OPH эйс ЗАР Оу 


ОН 


the foll 
the triph 


HC=C—CH,—_CH—CH, 
| : XX | 
4-pentyn-2-0] ~~ OH group receives 
numerical priority 


When a molecule contains both double and triple bonds, the bond that has the lower num- 


ber at first point of difference receives numerical preced H 
ous, a double hond receives numerical наа, 
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| z А 4 35 + d 4 3 | | 3 35 } F 
HC=C— CH—CHCH; CH,C =C— CH=CH, HC = CHCH;C =CH 
l-pentyn-3-ene l-penten-3-yne 1-penten-4-yne 


аА ьа 
precedence is given to the bond that has 
lower number at first point of difference 


precedence is given to the double bond 
when numbering is ambiguous 


т 
і 


аак 14.1 Draw а Lewis structure for each of the following alkynes. 
(a)isopropylacetylene (b)cyclononyne (с) 4-methyl-|-pentyne 


(d) l-ethynylcyclohexanol (e)2-butoxy-3-heptyne (f) I,3-hexadiyne 
14.2 Provide the substitutive name for each of the following compounds. Also provide common 


names for (a) and (b). 
(a) CH,CH,CH,CH,C-SCH b) CH,CH,CH,CH,C=:CCH,CH,CH,CH, 


(c) OH (d) HC= CCHCH,CH,CH, 
| | 
CH; C=C 


"i N 
H CH;OCH,; 
(e) OH 


HC=C—CH— CH=CH, 


STRUCTURE AND BONDING IN ALKYNES 


Because each carbon of acetylene 15 connected to two groups—a hydrogen and another car- 
bon—the H—C==C bond angle in acetylene is 180° (Sec. 1.3B); thus, the acetylene molecule 
Is linear. 


The C=C bond, with a bond length of 1.20 A, is shorter than the C=C and C—C bonds, 
which have bond lengths of 1.33 A and 1.54 A, respectively. 

Because of the 180° bond angles at the carbon-carbon triple bond, cis-trans isomerism 
cannot occur in alkynes. Thus, although 2-butene exists as cis and trans stereoisomers, 2-bu- 
tyne does not. Another consequence of this linear geometry 15 that cycloalkynes smaller than 
cyclooctyne cannot be isolated under ordinary conditions (see Problem 14.3). 

The hybrid orbital model for bonding provides a useful description of bonding in aikynes. 
We learned in Secs. 1.9B and 4.1A that carbon hybridization and geometry are correlated: 
tetrahedral carbon is sp^-hybridized, and trigonal planar carbon is sp^-hybridized. The linear 
geometry found in alkynes is characterized by a third type of carbon hybridization, called sp 
hybridization. Imagine that the 2s orbital and one 2p orbital (say, the 2p, orbital) on carbon 
mix to form two new hybrid orbitals. Because these two new orbitals are each one part s and 
опе part p, they are called sp hybrid orbitals. Two of the 2p orbitals (2p, and 2р.) are not in- 
cluded in the hybridization. | 
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unaltected bv hybridization 
" ET 
2p —L— — — р 2р ы 4 
2р. 2р 2р, | mix 2s and 2p, orbitals : ^ А | hybrid 
* : 1 [ I е и . 
А ep) | | | orbitals 
© Ve а. 5 88 | 
e di u 
БЫ 
Z 
шщ 
unallected mm 
Р hybridization М 
$ H- — ——M = Ti 
dane carbon: carbon in асот оте 


| LS PESE UP, 


An sp hybrid orbital, then. is an orbital derived from the mixing of one s orbital and a p or- 
bital of the sume principal quantum number. 

An sp orbital has much the same shape as an р or sp? orbital (Pie. 1.1: compare with 
Pigs. 16a and 44а), However, electrons in an sp hybrid orbital are. on the average. somewhat 
closer to the carbon nucleus than they are in spr or sp^ hybrid orbitals. In other words, sp or- 
hitals are more compact than 5р or 5р" hybrid orbitals. The reason ts that an sp orbital con- 
tains a greater fraction of s character than an хр or an sp’ orbital, and 2s electrons are. on the 
averaee, closer ro Ihe nucleus than 2p electrons. An sp-hybridized carbon atom, shown in Fig. 
I4. Te. has two sp orbitals at a relative orientation of 1807. The two remaining unhybridized 2р 
orbitals He along axes that ure al right angles both to each other and to the ур orbitals, 

The e bonds in acetylene result fram the combination of two sp-hybridized carbon atoms 
and two hydrogen atoms (Fis. 14.2, p. 6481. One bond between the carbon atoms is a e bond 
resulting from the overlap of to sp hybrid orbitals. each containing one electron, This bond 
I an Ар-ар bond. The remaining ap orbital on each carbon overlaps with a hydrogen ТА or- 
bitul to form a garbon hydrogen c bond. These bonds are sp. la e bonds. Because electron 
densis in an хр hybrid orbital ts closer to the nucleus than electron density in other hybrid or- 
бах, the C— Н bond in acetvlene is shorter {1.06 4) than the C—H bonds in ethylene (1.08 
Aj and ethane (1.11 А). Table 3.3 (p. 213) shows that the C—H bond in acetylene. with a 
bond dissociation energy of 558 KJ mol! (133 kcal mol э, is also stronger than the C—H 
bonds of ethylene (463 kJ mol". 11 keal mol? or ethane (423 KJ moi, 101 Kcal то. 


2p orbitals 


Wave peak - A 
Ap orbital | | 


wave trough See. d )» D 
nodal — 2 


surface 


sp orbital 


ta ibi [c1 


Figure 14.1 (a) A perspective representation of an sp hybrid orbital. (Б) А more common representation of an 
sp hybrid orbital used in drawings. tc} The two sp hybrid orbitals shown together. The “leftover” (unhybridized} 2p 
orbitals are shown with dashed lines. Notice that the sp hybrid orbitals are oriented at 1807, The blue and green 
colors represent wave peaks and wave troughs, 
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2p orbitals 


2p orbitals 


sp-sp єт bond 


Figure 14.2 The «-bond framework of acetylene (shown in blue). Overlap of carbon sp hybrid orbitals gives the 
carbon-carbon « bond, and the overlap of carbon sp hybrid orbitals with hydrogen 1s orbitals gives the 
carbon-hydrogen rr bonds. Two 2p orbitals on each carbon, shown as dashed lines, do not participate іп т bond- 
ing. (See Fig. 14.3.) 


This bond-strength effect occurs because the C—H bond in acetylene contains a greater per- 
centage of the lower-energy 2s orbital than the bonds derived from хр? or sp hybrid orbitals, 
which. in contrast, contain progressively more high-energy 2p character. Notice that the linear 
geometry of acetylene results from the 180° orientation of the sp orbitals on each carbon. 
Again: hybridization and geometry are correlated. 

The leftover 2p orbitals on each carbon overlap to form 7 bonds. Because each carbon of 
acetylene has two 2p orbitals. two 7 bonds are formed. Like the 2p orbitals from which they 
are formed, they are mutually perpendicular. The two bonding 7 molecular orbitals that result 
from this overlap are shown in Fig. 14.3. Notice that the acetylene molecule is literally sur- 
rounded by m electrons. The total electron density from all of the т electrons taken together 
forms a cylinder. or barrel, about the axis of the molecule (Fig. 14.3c). This cylinder of 7-elec- 
tron density is particularly evident in the electron potential map (EPM) of acetylene. Compare 
this with the EPM of ethylene, which has 7-electron density above and below the plane of the 
molecule. 


ring of sr-electron density 


;-electron density 
above and below 
the plane of the molecule 


are. X 3 
EPM of acetylene — 


EPM of ethylene 


The following heats of formation show that alkynes are less stable than isomeric dienes: 


H—C=C—CH;CH,CH, H,C—C=C—CH;CH, H.C=CH—CH,—CH=CH. 


]-pentyne 2-pentyne 1,4-pentadiene 
AH; + 144k] mol! +129k] mol! +106 k] mol! 
(34,5 kcal mol^') (30,8 kcal mol!) (25.4 kcal mol!) 
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[a) ib) (с) 


Figure 14.3 The two bonding m molecular orbitals in acetylene. (a) A perspective view. (b) Ап "end-on" view as 
indicated by the eyeball in (а). The blue and green colors in (a) and (b) represent wave peaks and wave troughs. 
(с) The total z-electron density in acetylene. Acetylene is completely surrounded by 7 electrons. 


In other words, the sp hybridization state is inherently less stable than the sp^ hybridization 
state, other things being equal. These heats of formation also show that a triple bond, like a 
double bond, is more stable in the interior of a carbon chain than at the end. 


PROBLEM ^ | | * = 
| PROBLEM | 14.3 (a) Attempt to build a model of cyclohexyne. Explain why this compound is unstable. 
(b) Build a model of cyclodecyne. Compare its stability qualitatively to that of cyclohexyne; 
explain your answer. 


PHYSICAL PROPERTIES OF ALKYNES 


A. Boiling Points and Solubilities 


The boiling points of most alkynes are not very different from those of analogous alkenes and 


alkanes: 
HC=C(CH;);,CH, H:;C—CHI(CH;); CH; H;C—CH;(GH;)iCH; 
i-hexyne 1-hexene hexane 
boiling point: 714€ 63.4 ^C 68.7 *C 
density: 0.7155 g mL 0.6731 g mL" 0.6603 g mL! 


Like alkanes and alkenes. alkvnes have much lower densities than water and are also insolu- 
ble in water. 


B. IR Spectroscopy of Alkynes 


Many alkynes have a C=C stretching absorption in the 2100-2200 cm ^! region of the infrared 
spectrum. This absorption is clearly evident, for example, at 2120 стг in the IR. spectrum of l- 
octyne (Fig. 14.4, p. 650). However, this absorption is very weak or absent in the IR spectra of 
many symmetrical, or nearly symmetrical, alkynes because of the dipole moment elfect (Sec. 
12.3B). For example, 4-octyne has no C=C stretching absorpuon at all. 
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Figure 14.4 The IR spectrum of l-octyne. The two key absorptions indicated are absent in the spectrum of 
4-octyne. 


The C=C streching absorption (2120 em!) lies at considerably higher frequency than 
the C=C stretching frequency (1640-1675 cm"). This is a clear manifestation of the bond- 
strength effect on absorption frequency. (See See. 12.3A and Study Problem 13.1. p. 546.) 

A very useful absorption of l-alksnes is the ==C —H stretching absorption. which occurs 
at about 3300 от. This strong, sharp absorption, very prominent in the spectrum of | -actyne 
(hig. T-A). is well separated from other C—H stretching absorptions. Because alkynes other 
than l-alkynes lack the unique =C—H bond, they do not show ihis absorption. 


NMR Spectroscopy of Alkynes 


Proton NMR Spectroscopy Compare the lypical chemical shifts observed in the proton 
NMR spectra of alkynes with the analogous shifts for alkenes: 


Y H 
—(;-—t(.—H .acetvleni protons — 2 vinylic proto 
817-25 РА \, 54 5—5.5 
—(zUC—UC—H propargylic protons C=C allylic protons 
| 8-1.8—2.2 ò 1.8-2.2 
C —H 
a 


Although the chemical shifts of allytic and propargs lie protons are very similar tas might be 
expected from the fact that both double and triple bonds involve a electrons}. the chemical 
shifts of acetylenic protons are much smaller than those of vim lic protons. 

The explanation for the unusual proton chemical shifts observed in alkynes is closely re- 
lated to the explanation for the chemical shifts of vinylic protons (Fie. 13,14, p. 6131, although 
the effect is ii the opposite direction. An alkyne molecule in solution is tumbling rapidly, but 
alkyne chemical shifts are dominated by the effects resulting from one particular orientation 
of the alkyne molecule relative to the magnetic field. as shown in Fig. 14.5. When an alkyne 
molecule is oriented in the applied field В, as shown in this figure, an induced electron circu- 
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induced 
electron 


i | „В; (induced field) 
circulation p 


"Y 
| B, | applied held 


Figure 14.5 Explanation of the chemical shift of acetylenic protons, The induced field В, of the circulating т 
electrons (red) opposes the applied feild B, (blue) from the spectrometer in the region of space occupied by 
acetylenic protons. As а result, the local field at an acetylenic protan is reduced, Hence, acetylenic protons have 
NMR absorptions at relatively small chemical shift. The same effect accounts for the chemical shifts of acetylenic 
and propargylic carbons in the ^C NMR spectra of alkynes. 


lation is set up in the cylinder of yr electrons trig. 14.30) that encircles the molecule. The re- 
sulting induced field B; opposes the applied field along the axis of this evlinder. Because the 
acetylenie proton lies along this axis, the local field at this proton ts reduced. Consequently, by 
Ex. 13.4. p. 583. acetylenie protons have NMR absorptions al smaller chemical shift than they 
wold have m the absence of this effect. 


Carbon NMR Spectroscopy Chemical shifts of alkynes in С NMR are subject to the 
same influences as proton chemical shifts. Although carbons involved in double bonds have 
chemical shifts in the 6 100-145 range. carbons involved in triple bonds absorb at consider- 
ably lower chemical shift, in the 6 65—85 range. Propargylie carbons. like acetylenic hydro- 
gens, also have smaller chemical shifts. typically by 5-15 ppm. The chemical shifts in 2- 
heplyne are Ivpical: 


propargylic carbons 


83.3 752 792 187 17 2213 Jae 
RL- SE -CH —CH:— CH; 
№ х 
Acetvienic carbons 
2-heptync 


Compare. for example. the chemical shift of the propargylte methy! carbon (43.3) with that of 
the other methyl carbon tò 13.8); which ts much lke that of an alkane methyi group. 

The explanation for these chemical-shifl effects is the same one (Pig. 145) discussed for 
the proton chemical shilts im alkynes. 
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Figure 14.6 The IR spectrum for Problem 14.4, 


PROBLEMS 


14.4 Identify the compound with a molecular mass of 82 that has the IR spectrum shown in 
Fig. 14.6 and the following NMR spectrum: à 1.90 (1H, sy; 6 1.21 (9H, s) 


[hS (a) Match each of the following PC NMR spectra to either 2-hexyne or 3-hexyne. Explain. 


\ Spectrum A: 8 3.3, 13.6, 21.1, 22.9, 75.4, 79.1 
Spectrum B: 812.7, 14.6, 81.0 


(b) Assign each of the resonances in the two spectra to the appropriate carbon atoms. 

14.6 A student consulted a well-known compilation of reference spectra for the proton NMR spec- 
trum af propyne and was surprised to find that this spectrum consists of a single unsplit res- 
onance at 61.8. Believing this to be an error. he comes to you for an explanation. Explain to 
him why it is reasonable that propyne could have this spectrum. 


INTRODUCTION TO ADDITION REACTIONS 


OF THE TRIPLE BOND 


In Chapters 4 and 5 we learned that the most common reactions of alkenes involve additions 
to the double bond. Additions to the triple bond also occur, although in most cases they are 
somewhat slower than the same reactions of comparably substituted alkenes. For example. 
HBr can be added to the triple bond. 

(C3H5)4N* Bro 


CH,(CH;);C=CH + HBr — ua al сызы is (14.1) 


1-Һехупе Вг 


2-bromo-1-hexene 
(89% vield) 


The regioselectivity of the addition is analogous to that found in the addition of HBr to alkenes 
(Sec. 4.7A): the bromine adds to the carbon of the triple bond that bears the alkyl substituent. 
As in alkene additions, the regioselectivity is reversed in the presence of peroxides because 
free-radical intermediates are involved (Sec. 5.6). 
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Perox des 


: Е ORE o IV : 
TENE CI Chin) = 10 (14.2) 


СС). = C1) + HBI 
]-hexyne I-bromo-T-hexene:; 


stereochemistry not determined 
odo yield 


Because addition to an alkyne gives a substituted alkene. a second addition can occur in mans 


UUSEN, 
Рт Br 
: ae : | : i { Lib я : = s 
H4 — —==С——ЄН. + HBr — Н. CS CH -CIL жн H €—C— CHCH: 114.1) 
LACES | тим rsolated) 
2-butyne Br 
2,2-dibromobutane 
ТЫТ vield ] 
The restoselectis ity of this addition reaction is determined by the relative stabilities of the two 
possible carbocation intermediates. One of the to possible carbocations {А in the Following 
equitin is stabilized by resonance. By Hammond's postulate (Sec. 48D, this carbocation is 
formed more rapidis. 
Bri 
H4 е + HBr: 
Y Y 
g BT: +Br: ‘Br: 
= B 1 = - ` - - ` em ` ` + - mn 
LGE GH.CH,-—- II) -G — GHSCEHI, | Br: П CH — CHCH, :Вг: 
5 i: ч 


rmesoraece-stabilteed carbecation А 


less stable curbocalian B 


| | 


‘Br: A ri 
| 
ENS C — CHUH, Ну OH — CHCH, (14-3һ] 
hs :Вг: 
abserved product not formed 


in the addition ot à hydrogen halide or a halogen to an alkyne. the second addition is usu- 
ally slower than the first. The reason is that the halogen that enters the molecule im the first id- 
dition exerts a rate-relardine polar effect (See, 3.6C) on carbocatton tormatton in the second 
addition. In other words. both carhocations А and B in Eg. 14.3һ are destabilized by the polar 
effect of bromine, and this polar effect is only partially counterbalanced by the resonance sla- 
hilization in earbocation A. Because the second addition is slower. il is possible to sokale the 
product of the first addition if ene equisalent of HBr is used. as in Eq. 14. I. 
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PROBLEMS : TX : 
14.7 Give the product that results from the addition of one equivalent of Br, lo 3-hexyne. What 
are the possible stereoisomers that could be formed? 
14.8 The addition of HCI to 3-hexyne occurs as an anti-addition. Give the structure, stereochem- 
istry, and name of the product. 


CONVERSION OF ALKYNES INTO 
ALDEHYDES AND KETONES 


A. Hydration of Alkynes 
Water can be added to the triple bond. Although the reaction ean be catalyzed by а strong acid, 
it is faster, and yields are higher. when a combination of dilute acid and mercuric ion {Нет | 
catalysts I8 used. 


() 
—— = 
y `, 2+ . . p E | 
: : Fert, Н аш, , 4 f 
Va + ЊО > * жш... TEM 
cyclohexylacetylene cyclohexyl methyl ketone 


a] "a vield i 


The addition of water to u triple bond. like the corresponding addition to a double bond. is 
culled hydration, The hydration of alkynes gives ketones (except in the case of acetylene 
sell, Which gives an aldehyde: see Study Problem 14.1. p. 646). 

Lets contrast the hydration reactions of alkenes (Sec. 4.9B) and alkynes. The hydration of 
an alkene gives an особо. 


" s bo TEM N i a 
R -ClIl——CH. + Н.О ж R—-CH—CH, 14. 5а 


an alkene OH 
an aleoheal 


Because addition reactions of alkenes and alkynes are closely analogous. it might seem that an 
alcohol should also be obtamed from the hydration of an alksne: 


OH 
T ELEM, Hg | ES 
R—CZC—H-H;0 ——————— R C—CH; ISBN 
an alkyne an сто] 


An alcohol containing an OH group on a carbon ef a double bond is called an enol (pronounced 
en -àlj. In fact; enols ave formed in the hydration of alkynes. However, most епох cannot be 
isolated because most енә are instable and are rapidiv converted into the correspondimy 
aidehydes or keines, 


OH O 
R—C-—CH. жо” ССН, TEEN 


an enol à ketone 
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Most aldehydes and ketones are in equilibrium with the corresponding enols, but the equiltb- 
rium concentrations Gf enols are in most cases minuscule—typieally, one part in O^ or less. 
The relationship among aldehydes. ketones. and enols ts explored in Chapter 22. The impur- 
tant point here is that. because most enols are unstable. ff an eno is formed as the product ofa 


reaction, if is rapidly converted tite the corresponding aldehyde or ketone. 

The mechanism of alkyne hydration is very similar to that of the oxvmercuration of alkenes 
(Sec. 5.4AÀ). [n the first part of the mechanism. mereurie ron reacts as an electrophile with the 
T electrons of the triple bond lo form a carbocation, which could be in equilibrium with a 
evelic merceurmium ion: 


R—-C=CH ж R-C=CH > R—C—CUH (са 
x / 
Hg * — Тш 


The carbocation 1s formed at the carbon of the triple band that bears the alkyl substituent. (Re- 
call that al&v! substitution stabilizes carbocations; See. 4. 7C.) This carbocation reacts with 
water, and loss of a proton to solvent water gives the addition produet. As a result. the oxygen 
[rom water ends up on the carbon with the alkyl substituent. 


i 
4^0 поп 
TE ОН 
“А | QUIE | n" 
RH -CCH — R—UC—CH а * ССН + 1,0 (14 АБ) 
| 
ligt На Не? 


n the oxymercuration ef alkenes, the reducing agent NaBH , is the source of hydrogen that 
replaces the mercury. However, the use of NaBH, is unnecessary in the hydration of alkynes. 
The reason is that the presence of a double bond makes possible removal of the mercury by a 
protonolysis reaction. This protonolysis occurs under the conditions of hydrationz a separate 
procedure is not required. The lirst step in the mechanism of this protonalysis reaction Is pro- 
tonatton of the double bond. This protonation occurs at the carbon bearing the mercury be- 
cause the resulting carbocation 15 resonance-stabilized. 


ъ 
Г 


:OH „Н——ОН„» :OH +ÖH 
| e | A 
poer —- SE ee -X— —- |4 —(.— СН | + :ОН. (lec) 
| | 
Hgt Hgt Hgt 


a Tesonance-stabilized carbocation 


( Recall that formation of a resenance-stabilized carbocation also explains the position of pro- 
lonution in HBr addition; Ey. 1.3b, р. 633.) Dissociation of mercury from this carbocation 
liberates the catalyst Нет? along with the enot, 


a = 
М. — y EM Е i _ jS 
к стоп; R—U-CH- + Нр TORT 


+ a enal 
Ha i 
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Conversion of the enol into the ketone is a rapid, acid-catalvzed process. Protonation of the 
double bond gives another resonance-stabilized carbocation: 


z | М JL "а 

ОН ,H— OH. :OH tOH 

[w^ SI AEN m 
R—C=CH, <— С—С; «——»- R—C—CH;/+:OH, (14.6е) 


а resonance-stabilized carbocation 


This carbocation is also the conjugate acid of a ketone. Loss of a proton gives the ketone 


product. 
^ Hd ФОН. 
+ ja gs 
T T 
-FF 
R—G— CH; а E—GC—GHs + 8—0 (14.6?) 


The hydration of alkynes is a useful way to prepare ketones provided that the starting ma- 
terial is a ]-alkyne or a symmetrical alkyne (an alkyne with identical groups on each end of 
the triple bond). This point is explored in Study Problem 14.1. 


Which one of the following compounds could be prepared by the hydration of alkynes so that it is 
uncontaminated by constitutional isomers? Explain your answer. 


(a) О (b) 
CHCH CH3CH;CCH;CH; 
acetaldehyde 3-pentanone 


Solution First, what alkyne starting materials, if any, would give the desired products? The 
equations in the text show that the two carbons of the triple bond in the starting material corre- 
spond within the product to the carbon of the C—O group and an adjacent carbon. Thus, for part 
(a). the only possible alkyne starting material is acetylene itself, НС==СН. For part (b), the only 
possible alkyne starting material is 2-pentyne, CH,C==CCH,CH,. 

Next, it remains to be shown whether hydration of these alkynes gives only the products in the 
problem. Remember, a good synthesis gives relatively pure compounds. The hydration of acetylene 
indeed gives only acetaldehyde. (In fact, acetaldehyde is the only aldehyde that can be prepared by 
the hydration of an alkyne.) However, hydration of 2-pentyne gives a mixture consisting of compa- 
rable amounts of 2-pentanone and 3-pentanone, because rhe carbons of 2-pentyne both have one 
alkyl substituent. Thus, there is no reason that the reaction of water at either carbon should be 


strongly favored. 
CH.CH, О 
/ Ho? | 
— CH;CCH;CH;CH; 
Hg* 2-pentanone 
H,;,C— C=C CHCH 14.7 
d CH4CH; O KERTI 


“S 


one alkyl substituent 
on cach carbon 


| 
а. СН СН,» CCH;CH,; 


OH 3-pentanone 
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Hence, hydration would give a mixture of constitutional isomers that would have to be separated, 
and the yield of the desired product would be low. Consequently. hydration would rof be a good 
way to prepare 3-pentanone. (However, 2-pentanone could be prepared by hydration of a different 
alkyne; see Problem 14.92). 


PROBLEMS ; е Я 
| PROBLEMS | 14.9 From which alkyne could each of the following compounds be prepared by acid-catalyzed 


hydration? 

"eg E | 
CH;CCH ;CH;CH 3 (CH, AC "P x C —CH; 

(€) 


^s. 


y Ss] 
CH;CH,CH,CH,—C—CH,CHCH,CH,CH; 


14.10 The hydration of an alkyne is zot а reasonable preparative method for each of the foliowing 
compounds. Explain why. 


(a) CH,CH,CH=O (b) о (с) 
O 
(CH,)sC—C—C(CH;); CT 


14.11 (a) Draw the structures of afl enol forms of the following ketone, including stereoisomers. 


| 


(b) Would alkyne hydration be a good preparative method for this compound? Explain. 


Hydroboration-Oxidation of Alkynes 


The hydroboration of alkynes is analogous to the same reaction of alkenes (Sec. 5.4B). 


CH;CH; 


CH С Н y C 


3CH,CH,CESCCH,CH, + ВН, ——— C 


THE | (I4. Ba) 


As in the similar reaction of alkenes, oxidation of the organoborane with alkaline hydrogen 
peroxide yields the corresponding “alcohol,” which in this case is an enol. As shown in Sec. 
14.5А, enols react further to give the corresponding aldehydes or ketones. 


CHCH, CH.CH, O 
H;C5/0H7 N r | 
—— 5 L =i, | —— №» СН ЫНС — CH;CH; 
H OH 


an епа! (14.86) 
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Because the organoborane product of Eq. 148a has a double bond, a second addition of 
ВН, is in principle possible. However, the reaction conditions сап be controlled so that only 
one addition takes place. as shown, provided that the alkyne 1s nota l-alkyne. 

Ifthe alkyne is a d-atkyne (that ts. if it has a triple bond at the end ot a carbon спан), а sec- 
ond addition of BH, cannot be presented. 

R—C=CH + 


BH. ж multiple addition reactions 


à ]-alkvne 


However, the hsdroboration of 1-alkvnes сап be stopped after a single addivion provided that 
un oreanoberane containing highly branched groups is used instead of BH. One reagent de- 
veloped for this purpose is disiamsytborane. represented with the skeletal structure shown in 
Ey. 14.9. (How would vou synthesize disiamvlborane? See Sec. 54B.) 


-B—1H represented ак ( | | an AERE 


disiamvlborane 


The disiamy lborane molecule ts so large and highly branched that only. one equivalent ean 
react with a l-alkyne: addition of a second molecule results in severe van der Waals repul- 
sions. In many cases, van der Waals repulsions. or steric effects, interfere with a desired 
reaction: in this case, however, van der Waals repulsions are used to advantage. to prevent an 
инектей second addition from occurring: 


mE | СНС Н. LI 
iH 
о th. E n 
C= H ——————————жт (,—i, ——— 
ГИР Мо, : Ur 
| | 
H (H) 
CH 4CH: Е 
ч / | | 
A" — (ЦС) СН {1410 
H OH actanal 


1. . ^ Ш чыз 5 гр T h 
(pomi an aldehyde: ОЗ vield | 


Notice from this example that the regioselectivity of alkyne hydroboration is similar to that 
observed in alkene hydroboration (See. 5.4B x boron adds to the unbranched carbon atom of 
the triple bond. and hydrogen adds to the branched carbon. 

Because hydroboration-oxidation and mereury-cutulyzed hydration give ditlerent products 
when a P-alkyne is used as the starting material (why? these are complementary methods for 
the preparation of aldehydes and ketones in the same sense that hydroboration-oxidation and 
охутетсигайол reduction are complementary methods for the preparation of alcohols from 
alkenes. 
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C 
i. = Bl | 


о. OF CHCH LH; =| 


CH fC11.};—C=('—H OQ CELIT) 


Ht Hye-*, Ho : T" 
DIOE Снан ССН, 


Notice that hdroboration. oxidation ofa l-alkyne gives an селке hydration of ans. 1-alkvne 
(other than acetylene itsell ) gives a ketone. 


PROBLEM T 97 E 
14.12 Compare the results of hydroboration-oxidation and mercuric ion-catalyzed hydration for 
(а) cyclohexylacetylene and (b) 2-butyne. 


REDUCTION OF ALKYNES 


A. Catalytic Hydrogenation of Alkynes 


Alkynes. like alkenes (Sec. 40А), undergo catalytic hydrogenation. The lrst addition of hs- 
drogen yields an alkene: a second addition of hydrogen gives an alkane. 


Hy. Ha, 
catalyst маім 


K—(t.=C—_K —M—~ K—UGH--GH-—-—H —— к—6Н»5 СН, HR {412 


The utility of catalytic hydrogenation is enhanced considerably by the Fact that hydrogena- 
поп ofan alkyne may be stopped at the alkene stage if the reaction mixture contains a cata- 
lyst poison: a compound that disrupts the action of a catalyst Among rhe useful catalyst pol- 
sons are salts of Phb^*, and certain nitrogen compounds, such as pyridine. quinoline. or other 
amines. 


LT | ve M 
ы, ia | 
М N 
pyridine quinoline 


These compounds selectively block the hydrogenation of alkenes without preventing the hs- 
Jdrovenation of alkynes to alkenes. For example. a Pd/CaCO, catalyst сап he washed with 
Ph OAc to give а poisoned catalyst hnown as Lindlar catalyst. 1n the presence of Lindlar 
catalyst. an alkyne is hydrogenated to the corresponding alkene: 


атага лъч алг CHH] K C] 1.47 | CET, 
à А ux : . Paes) pyridine x | | 
Н + CIHACIH CIIGEECCH-SCH.CH., — њо {Г —(, (14.43) 
Е р ' МИКИ: / 4 


4-actyne H H 


Cis-i-nctene 
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As Eq. [4.13 shows. the hydrogenation of alkynes. like the hydrogenation of alkenes 
(Sec. 7.96), is a Stereoseleetive хула ор. Thus, in the presence ob a poisoned vatal st; hydro- 
venation of appropriate alkynes gives eis alkenes. In fact carafviéc fyerovenation of alkvies ix 
one af the best wava to prepare etis alkenes, 

In the absence of a catalyst poison, бо equivalents of Н. are added to the triple bond. 

Iu 


po paris 


IH; + ССН СНС CCH.CH.CH, ж CHLCHLCH.CH.CH.CH.CH-CH, (04.14 
4-өсїүпе actane 


The catalytic hydrogenation of alkynes can therefore he used lo prepare alkenes or alkanes by 
either including or omitting the catalyst poison. How catalyst poisons exert their inhibitory et- 
‘feet on the hydrogenation af alkenes is not well understood. 


Жазды B 14.13 Give the principal organic product formed in each of the following reactions. 


(а) СН,(СН,):С==СН + Н, Lindlar catalyst , (b) Same as part iai with no poison 
l-octyne 
(c) C=CH (d) Lindlar 
Es Pd/C m catalyst _ 
| +H, — НС-С==С-—СЄн.Єн, + D = 
2 2-pentyne 


N 


B.- Reduction of Alkynes with Sodium in Liquid Ammonia 
Reaction of an alkyne with a solution of an alkali metal (usually sodium? in Iiquid ammonia 
gives a trans alkene. 
CHACH CIT H 
N "i 


CH,CH.CH,— G88€ — CH.CH.CH, = 2Na + 2 Nf, — Cac кома Н. 
Г Моо. 
H CHCHCH, 
е TENET 


The reduction of alkynes with sodium in liquid ammonia is complementary to the сае 
hydrogenation of alkynes. which 1s used to prepare cis alkenes (Sec, 1H.6A 0. 


=.=. — К 
SENi ДИ ИЛАТ 
и Еа 
K [1 R R 
N / B / 
m" a 114.16) 
Н К Н E 
ТЕТЕ Е cis alkene 


The stereochemistry of the Na/NH, reduction follows from its mechanism. ЇЇ sodium or 
other alkali metals are dissolved in pure liquid ammonia a deep blue solution forms that con- 
tins electrons complexed with ammonia Gefvated electrons |, 
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Nat 7 at NH. éligh se Nat (0 € (NET, (14.17! 


solvated electron 


The solvated electron сап be thought of as the simplest tree radical; Remember that free radi- 
Cals add to triple bonds (lig. 14.2, р, БАА), The reaction of solvated electrons with the alkynes 
beams with the addition of an electron to the triple bend. The resulting species has both an 
unpaired electron and a negative charge. Such a species is called a radical amon: 


Co N at 
ы 
m : я 
В == —Н м” R C—C—R Nat (td ҳат 


3 radical anion 


The radical anion is such à strong base that i readily removes а proton from ammonia to give 
a vénvéie radicala radical in which the unpaired electron is associated with one garbon of a 
double bond. The destruction of the radical anion in this manner pulls the unfavorable equilib- 
rium in Eg. 14.18да to the right: 


H IT. H 
А d А a - 
R—C-—C—R mE оа `' + МН. Nat TENET 
Nd" R 


ау radical 


The vinylic radical. like the unshared electron pair of an amine (See. 6, 10B). гара under- 
goes inversion, amd the equilibrium between the eis and trans radieals Favors the trans radical 
l'or the same reason that trans alkenes are more stable than eis alkenes: repulsions between the 
R groups are reduced. 


R il [I 11 
wp of ГА C " 
iD [| —1 =={. ( =i, AERE 
OG 1 [ү ^ p А 
К R |< К 
trans vinvlic radical transilion state cis vinyle radical 
strongly favored lor inversion 
ab equilibrium! 
Next, the vinvlie radical accepts an electron to form an anion: 
It Н i H 
\ / ae 
esc m C=C. (dst) 
i \ С 
| R R 
e7 Ха? ма" 


solvated 
electron 


This step of the mechanism is the proditei-determnuiung step ot the reaction t Sec, 9.484. The 
rate contani lor the reactions of the cis and trans vins lig radicals with the solvated electron 
are probably the same, Howeser the actual rete of the reaction of each radical is determined 
by the produet of the rate constant and the concentration ef the radical. Because the trans 
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vinylic radical is present in much higher concentration, the ultimate product of the reaction, 
the trans alkene, is derived from this radical. 

The anion formed in Eq. 14. 18d 15 also more basic then the amide anion and readily re- 
moves a proton from ammonia to complete the addition, 


R H R H 
D: — . 
Nat = —— C=C. T TAH, Na* ШЕЯ 
= 
V R H R 
H trans alkene 
e pA, 4 
ph; 33 


Because ordinary alkenes do not react with the solvated electron (the initial equilibrium 
analogous to Eq. 1d. 18a is too unfavorable). the reaction stops at the trans alkene stage. 

The Na/NH, reduction of alkynes does not work well on 1-alkvnes unless certain moditi- 
cations are made in the reaction conditions. {This is explored in Problem 14.39.) However. this 
15 not a serious limitation for the reaction, because the reduction of l-alkynes to [-alkenes is 
easily accomplished by catalvtie hydrogenation (бес. 12.64). 


= 14.14 What product is obtained in each case when 3-hexyne is treated in each of the following 
ways? (Hint: The products of the two reactions are stereoisomers.) 
(a) with sodium in liquid ammonia and the product of that reaction with D, over Pd/C 
(b) with H, over Pd/C and quinoline and the product of that reaction with D, over Pd/C 


ACIDITY OF 1-ALKYNES 


A. Acetylenic Anions 


Most hydrocarbons do not react as Bronsted acids. Nevertheiess, let's imagine such a reaction 
in which a proton is removed from à hydrocarbon by a very strong base Ві. 


` 
^ 


—C—H + [7 — —( + BR—H (14.191 
а carbanian 


In this equation. the conjugate base of the hydrocarbon is a carbon anion. or carbarmeon. Recall 
fram Sec. &.8B that à carbunion is à spectes with an unshared electron pair and a negative 
charge on carbon. 

The conjugate base of an alkane. called generally an ау anten. has an electron pair in an 
ур orbital. An example of such an ion is the 2-propanide anion: 


(7 -— sf" orbital 


a бс H: 


CH, 


H 


2-propanide anion 
(ап alkyl antoni 
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The conjugate base of an alkene. called generally a viavdic union, has an electron pair in an sp 
orbital. An example af this (уре of carbanion is the |-propenide anion: 


Hi x (72 —- sp orbital 


C= 
ү а 
Z H 


1-propentde anion 
La sinvlic amen 


The anion derived from the ionization of à 1-alky ne. generally called an acervlenie anion, has 
an electron pair in an sp orbital. An example of this type of anion is the. 1-propynide anion: 
sp orbital 
1 
СН.С аә <) 


l-propynide anion 
lan acetylenic anion; 


The approximate acidities of the different ty pes of aliphatic hydrocarbons have been mea- 
sured or estimated: 


R 
7 
КС. Н RC — С. К с=с —H (14.20) 
N 
H 
уре of hydrocarbon alkane alkene alkyne 
approximate PA 255 42 Eo 


These data show. first. that earbaniens are exiremels strong bases (that is. hydrocarbons are very 
weak aei) and second. (tbat alkynes are the most acidic of the aliphatic hydrocarbons, 
Alkyl antons and кіпу anions are seldom if ever formed by proton removal from the cor- 
responding hydrocarbons; the hydrocarbons are simply not acidic enough. However. alkynes 
are sufficiently acidic that their conjugale-base acetylenic anions can be formed with strong 
bases. One base commonly used for this purpose is sodium amide. or sodamide. Nat -:NH,, 
dissolved in tts conjugate acid. liquid ammonia. The amide ion, "NH. is the conjugate base 


Г] of ammonia, which, as an ecid. has a pK, of about 35. 
STUDY GUIDE LINK 14.2 .— OM] —— M A ME "- 
Ammonia, Solvated Вг + NH, == ENA: B—H (Мыл 
Electrons, and pA, = 35 T 
Amide Anion amide ion 


Because the amide ton is a much stronger base than an acetylenic anion. the equilibrium Гог 
removal of the acetylenic proton by amide ron is ver Favorahle: 


ON МИ m 


В СЕС MH. Nat ш> ORR Cz Nat + Wl 11122) 


In Кал, the sodium salt of an alkyne can be formed from a l-alkyne quantitatively with 
NaNH.. Because the amide ton is a mueh weaker base than either a vinylic anion or an alkyl 
anion, these lons cannot be prepared using sodium amide tProblem 14,17). 

The relative acidity of alkynes plays a role in the method usually used to prepare acetylenic 
Grignard reagents. which are reagents with the general structure R —C 9C — MgBr. Recall 
from Sec. 8.8A that Crrignard reagents are generally prepared by the reactions of alkyl halides 
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with magnesium, The “alkyl halide” starting material for the preparation of an acetylenic 
Grignard reagent by this method would be a i-bromealksne thul is. R—C==C—Br. Such 
compounds are not generally available commercially. апі are dilficull то prepare and store. 
Fortunately, agen lente Grignard reagents are accessible bs the acid base reaction bebween a 
l-alkyne and another Grignard reagent. Meths magnesium bromide or ethylmagnesium Pro- 
mide are often used [or this purpose, 


CELU CHAH: — i =t СЕС Та ut ли” CH HCH CH.—€29€— Mglir = CHCH 


Н = 6.226. + Chi. Pi. — Alebr 


an асет rignand reagent 
ethane 


RES 
($4245 
T H— Ei Rr — CHCH; 114.243 


ethynylmagnesium bromide 


This reaction is extremely rapid and is driven to completion by the formation of ethane gas 
(when CH ,CH.MxgBr ts used as the Grignard reagent). This reaction is an example of a trans- 
metalation: a reaction in which a metal is transterred from one carbon to another. However, 
tds realis just another Bronsted avid base reaction: 


| conjugate acid—base paii 


"s m || | | 


BrMy* :СН›СН, И--С=лб=® ——ъй —CH;CH,; + BrMgt C= KO (E4251 


|  -————— _ |J 


~ conjugate base—acid pair 


Although Grignard reagents are covalent compounds. the two Grignard reagents in this equa- 
поп are represented as komie compounds to stress the алһа character of the equilibrium. 
This reaction ts similar in principle to the reaction el a Grignard reagent wilh water or aleo- 
hols (Eq. 8.27, p. 363). Like all Bronsted acid-hase equilibria. this one favors formation of the 
weaker hase. which. in this case. ts the acetylenic Grienurd reagent, The release of ethane gas 
in the reaction with ethyimagnesium bromide makes the reaction irreversible and at one Gime 
мах also a useful test for l-ulkvnes. Alkvnes with an internal uriple bond de not react because 
they lack an acidic acetylenic hy drogen. 

What is the reason for the relative acidities of the hydrocarbons? See. 3.64 discussed two 
important faetors that affect the acidity of an acid А Н: the А Н bond strength and the 
electronegativity. of the group A. Bond dissociation energies show that acetviente C—H 
bonds are the strangest of all the СН bonds in the aliphate hydrocarbons: 


Е 
R — i =i H E кс == —Н Ё КА H (14.76) 
«Тет € — H vinylic (0 И ЧА — li 
AN Като | a KT mol. |, (Л ИК kl mol і. 
131 kcal mal. 19 HO kcal tol |: Up—LO0 heal mol. li 


W bond strength were the major factor controlling hydrocarbon acidity. then alkynes would be 
the feast acidic hydrocarbons. Because thes are in Faet the 22232 acidic hydrocarbons. the elec- 
tronezatisiies ob the carbona Fiemselvees must eovern acidity. Thus. the relative electronedit- 
tivities of carbon atoms increase in the order sp! Ар Ар, and the elecironegativity differ- 
ences eon acidity must outweigh the effects o£ bond strength. 
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This trend in electronegativity with hybridization can be explained in the following way. 
The electrons in sp-hybridized orbitals are closer to the nucleus, on the average, than хр? elec- 
trons, which in turn are closer than sp’ electrons (Sec. 14.2). In other words, electrons in or- 
bitals with larger amounts of s character are drawn closer to the nucleus. This is a stabilizing 
effect because the interaction energy between particles of opposite charge (electrons and nu- 
clei) hecomes more strongly negative (that is, favorable) as the distance between them de- 
creases (the electrostatic law; Eq. 3.40, p. 113). Thus, the stabilization of unshared electron 
pairs is in the order sp* < sp? < sp. In other words, unshared electron pairs have lower energy 
when they are in orbitals with greater s character. 


PROBEENMS 14.15 Each of the following compounds protonates on nitrogen. Draw the conjugate acid of each. 
Which compound is more basic? Explain, |. 


H;C—CH=NH H,C—C=N: 
AC 
A в * £00 


14.16 (a) Іоп A is more acidic than ion 8 in the gas phase. Is this the acidity order predicted by 
hybridization arguments? Explain. 


+ + 
H;C—OH, H;C—CH=OH 
A B 


(b) Ion В is less acidic because it is stabilized by resonance, whereas ion A is not. Show the 
resonance structure for ion B, and, with the aid of an energy diagram, show why stabi- 
lization of ion В should reduce its acidity. 

(c) In aqueous solution, ion А is less acidic than ion B. Explain. 

14.17 (a) Using the pK, values of the hydrocarbons and ammonia, estimate the equilibrium con- 
stant for (1) the reaction in Eq. 14.22 and (2) the analogous reaction of an alkane with 
amide ion. (Hint: See Study Problem 3.6, p. 91) 

(b) Use your calculation to explain why sodium amide cannot be used to form alkyl anions 

from alkanes. і 


B. Acetylenic Anions as Nucleophiles 


Although acetylenic anions are the weakest bases of the simple hydrocarbon anions, they are 
nevertheless strong bases—much stronger, for example, than hydroxide or alkoxides. They un- 
dergo many of the characteristic reactions of strong bases, such as S42 reactions with alkyl 
halides or alkyl sulfonates (Secs. 9.4, 10.3A). Thus. acetylenic anions can be used as nucle- 
ophiles in 52 reactions to prepare other alkynes. 


"0 of = chee 
CH,CH,CH;CH, Br: + a" =f NH; (lig CH3CH;CH;CH,;—(C —CH + Na* :Вг: (14.27) 
1-bromobutane sodium acetylide | -hexyne 


(64% yield) 


= a ae BE жа 
CH;CH;CH;CH,;-—CzC: Na* + Hi Lr —— > ЄНьЄН.ЄН,СН.,——С==с—{ Ha + Nat : Вг: | 13.28) 


The acetylenic anions in these reactions are formed by the reactions of the appropriate 1- 
alkynes with NaNH, in liquid ammonia (Sec. 14.7А ). The alkyl halides and sulfonates, as in most 
other S,2 reactions, must be unhindered primary compounds. (Why? See Secs. 9.4D, 9.56.) 
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The reaction of acetylenic anions with alkyl halides or sulfonates is important because ff is 
another method of carbon-carbon bond formation, Let's review the methods covered so far: 


1. cyclopropane formation by the addition of carbenes to alkenes (Sec. 9.8) 

2. reaction of Grignard reagents with ethylene oxide and lithium organocuprate reagents 
with epoxides (Sec. 11.4C) 

3. reaction of acetylenic anions with alkyl halides or sulfonates (this section) 


PROBLEMS bes : | 
| PROBLEMS 14.18 Give the structures of the products in each of the following reactions. 


(a) CH,C =C: Nat + CH,CH,—1 —= 


(b) butyl tosylate + Ph—C==C: Nat ——> 


(€) CH,C =C— МрВг + ethylene oxide ——» 80а 


(d) Br(CH,);Br + HC==C: Na*(excess) ——* 

14.19 Explain why graduate student Choke Fumely. in attempting to synthesize 4,4-dimethyl-2- 
pentyne using the reaction of H,C—C==C: Na* with tert-butyl bromide, obtained none of 
the desired product. 

14.20 Propose a synthesis of 4,4-dimethyl-2-pentyne (the compound in Problem 14.19) from an 
alkyl halide and an alkvne. 

14.21 Outline two different preparations of 2-pentyne that involve an alkyne and an alkyl halide. 

14.22 Propose another pair of reactants that could be used to prepare 2-heptyne (the product in Eg, 
14.28). 


ORGANIC SYNTHESIS USING ALKYNES 


Let's tie together what we've learned about alkyne reactions and organic synthesis. The solu- 
поп to Study Problem 14.2 requires all of the fundamental operations of organic synthesis: the 
formation of carbon-carbon bonds, the transformation of functional groups, and the establish- 
ment of stereochemistry (Sec. 11.9), 

Notice that this problem stipulates the use of starting materials containing five or fewer car- 
bons. This stipulation is made because such compounds are readily available from commer- 
cial sources and are relatively inexpensive. 


| Study Problem 14.2 


Outline a synthesis of the following compound from acetylene and any other compounds contain- 
ing no more than five carbons: 


N 
H H 
cis-2-methyl-5-tridecene 


Solution As usual, we start with the target molecule and work backward. First, notice the stere- 
ochemistry of the target molecule: it is a cis alkene. We've covered only one method of preparing 
cis alkenes free of their trans isomers: the hydrogenation of alkynes (Sec. 14.6A). This reaction, 
then, is used in the last step of the synthesis: 
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H CH;(CH3); CH;CH;CH( CH); 
| Lindlar catalyst b , Af 
CHCH) —C25C—CH;CH;CH(CH;,j; = ТҮ (14.29а) 
2-methyl-5-tridecyne H H 


(target molecule) 


The next task is to prepare the alkyne used as the starting material in Eq. 14.29a. Because the desired 
alkyne contains 14 carbons and the problem stipulates the use of compounds with five or fewer carbons, 
we'll have to use several reactions that form carbon-carbon bonds. There are two primary alkyl groups 
on the triple bond; the order in which they are introduced is arbitrary. Let's introduce the five-carbon 
fragment on the right-hand side of this alkyne in the last step of the alkyne synthesis. This is accom- 
plished by forming the conjugate-base acetylenic anion of 1-nonyne and allowing it to react with the ap- 
propriate commercially available five-carbon alkyl halide, 1-bromo-3-methylbutane (Sec. 14.7B): 


Br —CH;CH;CH(CHs3)> 
NaNH; 1-bromo-3-methylbutane 


CH;(CH;),—C=C—H NH; (liq) 


CH;(CH},C=C: 


l-nonyne 


CH;(CH2),—C=C— CH;CH;CH(CH;); (14.296) 


The starting material for this reaction, 1-попупе, is prepared by the reaction of 1-bromoheptane 
with the sodium salt of acetylene itself. 


NaNH; 
NH; (liq) 


CH 34 CH hBr 


Н пс: Nat :C=C—H ——— y CHCH; —C=C—H (14.290) 


(large excess 
relative ta NaNH;) 


The large excess of acetylene relative to sodium amide is required to ensure formation of the 
monoanion—that is, the anion derived from the removal of only one acetylene proton. If there 
were more sodiurn amide than acetylene, some dianion ‘C=C: could form, and other reactions 
would occur. (What are they?) Because acetylene is cheap and is easily separated from the prod- 
ucts (it 1s a gas), use of a large excess presents no practical problem. 

Because the |-bromoheptane used in Eq. 14.29c has more than five carbons, it must be pre- 
pared as well. The following sequence of reactions will accomplish this ohjective. 


/N 
M Н. —CH- Hot 
CH4CH;CH;CH4CH; — Br i DM иес 


1-bromopentane 


conc. HBr 
CH,CH,CH,CH,CH,CH,CH,— OH —— S9! X (QCH.CH,CH,CH;CH,CH.CH,— Br (1429) 


1-heptanol 1-bromoheptane 


The synthesis is now complete. To summarize: 


a , Манн; СН СН) Вг (Eq. 14.294} : а » NaNH:; 
= [9 ——————/——————— pe ; Ph — 
НС==СН (excess) aa CH4(CH;,C—CH —u io 
BrCH.C AT. T da | CHi(CH3)4 CH;CH;CH(CHi); 
rHiUHCHUCH)7 CH,(CH,),C=CCH,CH;CH(CH;)> indlar catalyst COPY 
2 


H H (14.29e) 
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FRUBUEN: | 14.23 Outline a synthesis of each of the following compounds from acetylene and any other com- 


pounds containing five or fewer carbons. 


(a) CH;CH;CH;CH;CH;CH;CH;CH;CH; — OH (b) O 
| 
1-nonanol H;C—C-—(CH;),CH; 


2-undecanone 


PHEROMONES 


As Problems (4.24 and 14.25 on p. 664 illustrate, the chemistry of alkynes can be applied to 
the synthesis of a number of pheromones—chemieal substances used in nature [or communi- 
cation. or signaling. An example of a pheromone is a compound or greup of compounds 
that the female of an insect species secretes to signal her readiness for mating, The sex attrac- 
tant of the female Indian meal moth (Plodia interpunctella. a common pantry moth in the 
United States) 1s such a compound: 


С} 
Н CEL CH;CH;CH;CH.CH-CH.CHCH.— 0— C— UH, 
X / r 
С=С а= 6 
/ ` ` 
Н НОН H 


(97,12 E)-9,12-tetradecadienyl acetate 
mating pheromone of the female Indian meal moth! 


Pheromones are also used for defense. to mark Шайх, and for many other purposes. [t was dis- 
covered not long ago that the traditional use of saws in Franee and Italy to discover buried 
truffles owes its success to the Fact that truffles contain a steroid that happens te be identical to 
à sex attractant secreted in the saliva of boars during premating behavior! 

About three decades ago, scientists became intrigued with the idea that pheromones might 
be used as а species-specific form of insect control, The thinking was that a sex attractant, for 
example, might be used to attract and trap the male of an insect species selectively without af- 
оспе other insect populations. Alternatively, the males of a species might become confused 
by а blanket of sex attractant and not be able to locate a suitable female. When used success- 
Гоу. this strategy would break the reproductive cycle of the insect. The harmful environmen- 
tal effects and consequent banning of such pesticides as DDT stimulated interest in such 
highly specthe biological methods. 

Although experimentation has shown that these strategies are not successful for the broad 
control of insect populations, they are successful in specilic cases. For example. local intesta- 
lions of the common pantry moth can be eradicated with commercially available traps that uli- 
lize the female sex attractant (Fig. 14.7). [n large-scale agriculture. traps employ ing mating 
pheromones are usetul as "early warning" systems for insect Infestations, When this approach 
is used. conventional pesticides need be applied only when the target insects appear in the 
парх. This strategy has brought about reductions in the use of conventional pesticides bv as 
much as 706 in many parts of the United States. Sex pheromones, aggregation pheromones 
(pheromones thal summon insects [or coordinated attack on a plant species} and kairoemones 
(plant-derived compounds that funetion às interspecies signals for host plant selection) are 
used commercially in this manner. Attractants for more than 250 different species of insect 
pests are now available commercially. 
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| pad impregnated with 
mating pheromone 


wa | | | 


Figure 14.7 An infestation of the Indian meal moth, a common pantry moth, is controlled with a commercially 
available trap. The pad on the trap is impregnated with the female mating pheromone. Males attracted to the 
pheromone are immobilized and die on the sticky surface of the trap. The mating cycle of the moth is thus bro- 
ken. Through use of these traps, fumigation of the pantry with insecticides is unnecessary. 


PROBLEMS ж eir Р 
14.24 In the course of the synthesis of the sex attractant of the grape berry moth, both the cis and 
trans isomers of the following alkene were needed, 


CH4CH;CH —CHCH;CH;CH;CH;CH;CH;CH;CH;,— O [3 


(a) Outline a synthesis of the cis isomer of this alkene from the following alky] halide and any 
other organic compounds. 


Br — CH;CH,CH;CH;,CH;CH;CH;CH; [ise 


Ó 
(b) Outline a synthesis of the trans isomer of the same alkene from the same alkyl halide and 
any other organic compounds. 


[4.25 The following compound is an intermediate in one synthesis of the mating pheromone of the 
female Indian meal moth (structure on p. 668). Show how this compound can be converted 
into the pheromone in a single reaction. 


| 
H J£ Hi— C=C— CH;CH;CH;CH;CH;CH,CH;CH;— 0 —C— CH; 
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OCCURRENCE AND USE OF ALKYNES 


Naturally occurring alkynes are relatively rare. АКА nes do not occur as constituents of 
petroleum. but instead are synthesized [rom other compounds, 

Acetylene itself comes from two common sources, Acetylene сап he produced by heating 
соке (carbon from coal) with caleium oxide in an electric furnace to vield calcium carbide. 


Сас... 
е " hen - . 
Ca + 3C Cal, + CO (14.30) 
calcium calcium carbon 
oxide carbide monoxide 


Calcium carbide is an organometallic compound that can be regarded conceptually as the cal- 
cium salt of the acetylene dianion: 


a Re — 67 
calcium carbide 


Like ans other acetylene anion, calcium carbide reacts vigorously with water to yield the hy- 
drocarbon; the calcium oxide by-product of this reaction can be reeveled in Eq. 14.30. 

The carbide process is widely used in Japan and eastern Europe, and it may become more im- 
portant in the United States as the use of coal as a carbon souree grows. 

The second process for the manufacture of acetylene, and tie predominant process used in the 
United States. 1s the thermal "cracking (tad is, decomposition) of ethylene at temperatures above 
1400 °C to give acetylene and Н... (This process is thermodynamically unfavorable at lower tem- 
peratures, } 

The most important general use of acetylene ts for a chemical feedstock (starting mateg- 
rial), as illustrated hy the following examples: 


Het ds 


LIC CH + HCl H.C CECI BERIE 


acetylene vinyl chloride 
fa monomer used in the manufacture 
al polviviny! chloride), РУС) 


салм " Р Ht: є - - 
энс==сн ——. ңс=с—сн=сн. ——9 CSC UHSE o (04325 


acetylene vinvlacetylene CI 


chloroprene 
(can be polymerized to give 
neoprene rubber; Sec. 13.5.1 


Oxvygen-acetylene welding is an important use of acetylene. although it accounts for a rel- 
anvely small percentage of acetylene consumption. The acetylene used for this purpose is sup- 
plied in ¢ylinders, but itis hazardous because, at concentrations of 2.580 1n air. it ts explo- 
sive. Furthermore. because gaseous acetylene at even moderate pressures is unstable, this 
suDsLange is not sold simply as a compressed вах. Acetylene cylinders contain a porous mate- 
rial saturated with a solvent such as acetone, Acetylene ts so soluble in acetone that most of it 
actually dissolves. As acetylene gas is drawn otf, more of the material escapes Trom solution 
as the gas is needed—another example of Le Chátelier's principle in action! 
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KEY IDEAS IN CHAPTER 14 


Alkynes are compounds containing carbon-carbon 
triple bonds. The carbons of the triple bond are sp- 
hybridized. Electrons in sp orbitals are held somewhat 
closer to the nucleus than those in sp? or sp? orbitals. 


The carbon-carbon triple bond in an alkyne consists of 
one т bond and two mutually perpendicular т bonds. 
The electron density associated with the т bonds re- 
sides in a cylinder surrounding the triple bond. The in- 
duced circulation of these mr electrons in a magnetic 
field shields acetylenic protons as well as acetylenic 
and propargylic carbons, and results in the relatively 
small chemical shifts observed in NMR spectra. 


The sp hybridization state is less stable than the sp^ or 
sp” state. For this reason, alkynes have greater heats of 
formation than isomeric alkenes. 


Alkynes have two general types of reactivity: 


1. addition to the triple bond 
2. reactions at the acetylenic =C—H bond 


Useful additions to the triple bond include Hg^*- 
catalyzed hydration, hydroboration, catalytic hydro- 
genation, and reduction with sodium in liquid am- 
monia. 


REACTION M 
Guide and Solutions Manual. 


ш 


Both the hydration and hydroboration-oxidation of 
alkynes yield enols, which spontaneously form the 
isomeric aldehydes or ketones. 


Catalytic hydrogenation of alkynes gives cis alkenes 
when a poisoned catalyst is used, When a poison is 
not used, hydrogenation to alkanes occurs. The re- 
duction of alkynes with alkali metals in liquid ammo- 
nia, a reaction that involves radical-anion intermedi- 
ates, gives the corresponding trans alkenes. 


1-Alkynes, with pK, values near 25, are the most acidic 
of the aliphatic hydrocarbons. Acetylenic anions are 
formed Бу the reactions of 1-alkynes with the strong 
base sodium amide (NaNH,).In a related transmetalla- 
tion reaction, acetylenic Grignard reagents can be 
formed in the reactions of 1-alkynes with alkyImagne- 
sium halides. 


Acetylenic anions are good nucleophiles and react 
with alkyl halides and sulfonates in 5,2 reactions to 
form new carbon-carbon bonds. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 14, in the Study 
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14.26 Give the principal product(s) expected when |-hexyne 


or the other compounds indicated are treated with each 
of the following reagents: 

(a) НВг (b)H,, Pd/C 

(c) Ha, PAC, Lindlar catalyst 

(d) product of part (c) + O,, then (СН,),5 

(е) product of part (c) + BH, in THF, then H.O,/ OH 
(f) product of part (c) + Br, 

(е) NaNH, in liquid ammonia 

(h) product of part (к) + CH,CH.I 

(i) Hg^*, Н,80,. H,O 

(1) disiamyl borane. then Н.О OH 


14.27 


[4.28 


Give the principal products expected when 4-octyne or 
the other compounds indicated are treated with each of 
the following reagents: 

(a) Ha., Pd/C catalyst 

(b) H.. Lindlar catalyst 

(c) product of (b) + O,, then H,OJ/H,O 

(d) Na metal in liquid NH, 

(e) Hg *. Н„5О,, H-O 

(f) BH,, then H.O./ OH 


[n its latest catalog. Blarneystyne, Ine.. a chemical 
company of dubious reputation specializing in alkynes. 


672 


| 4.29 


EN 


123.3] 


14.32 


РЕ 
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has offered some compounds for sale under the lotlow- 
ing names. Although each name unambiguously speci- 
lies а тиш all ace incorrect; Propose a correct 
name for each compound. 

(ap 3-hexs n-4-ol 

tho 6-methoxy- D. 5-hesadiyne 

(c) T-butyn-3-ene 


ilr z2- hexsyne 


[n cach case. draw a structure containing only carbon 

and hs regen that satisfies the indicated criterion. 

(ad a sable alkyne ot tive carbons containing a тїр 

луи chiral alkyne ot six carbon atoms 

Len in alkyne of six carbon atems that vives the seme 
vie produet in its réaction either with BH; in 
THE toil ed hy H.O.7 OH or with 
WO/Be^*/H,O* 


(d) a м-ро alks ne ihal can exist as diastereomers 


On the basis of the hybrid orbitals involved tn the 

bonds, arrange the bonds in euch of the following sets 

in order of increasing length. 

(a) C—H bonds of ethylene: C—H bonds of ethane: 
С— Н bonds of avets lene 

(het 
af propyne; C—C singie bond of propene 


C single bond of propane: С C single bond 


Rank the anions within each series in order of inmercds- 


mg bisdeity. lowest first. Explain. 


(a) СИ", HES, tin 


тї 


SIDES RAE —— CEN M LR a, 


CHACH (CH— CH 


Ling Sample observations or chemical tests with read- 
ih observable results. show how you would distin- 
кшм hers een the compounds in each of the following 
murs. (Don't use spectroscopy. | 

[aperss2-hexene and Г-у 

the d-hexyne and 2-hexsune 

(c) 4, 44 limethyl-2-hexs ne and 3, 3-dimetlhis lhexane 

ii propyne and -decs ne 


Outline a preparation of each of the follow ing von- 
ponds trom acetylene and any ether reagetts. 

азс СР СОС ПОН EH, 
(с) 3-hexanul 
(el i} 


CH aCH-i-—€—604 


ih) l-hexene 


(di d-hexvne 


[4.44 


(CH ССН, СН C=O 
(@)cfs-2-pentene — (hi fras-3-decene 

(i) mest S-wetanediel 979 ..4+3-heaen-1-ol 

Using ]-butyre ах the only source ol carbon m the re- 


йык. propose а synthesis for each of the following 


compounds. 
(а) СП ж po gm) Cried hc, 
(c) C1 


CH,CH.CH.COH 


il) [-butexvbutane dibut I ether 
(е) 


the racemale of (AR AST CELCEDGCHCHCH-UCH:;CH:CH; 


14.35 


14.36 


CE 


TEroetane (e) Ct 


ССН. 


А box labeled "СҮН isomers” contains samples of 
three compounds: А. B. and C. Along with the com- 
pounds are the IR spectra of A and B. shown in Fig. 
P14.35. Fraementary data in a laboratory notebook 


suggest that the compounds are |-hexs ne. Z-hexyne, 
and A-methyl-].4-pentadiene, Identity the three com- 


pounds. 


You have just been hired by Triple Bond. ine.. à corm- 
pans that specializes in the manufacture of alks nes 
containing tive or fewer carbons. The President, Mr. 
Al Ks ne. needs an outlet For the company s products. 
You have been asked to develop a synthesis of the 
hamsefly sex pheromone. тинне, Wilh the sipulia- 
Lon hat abb of the carben in the product must come 
only fram the compans s alks nes. The muscalure s itl 
Subsequently. be used in a household Hy wap. You will 
be equipped with a laboratory containing all of the 
compans alkanes. requisition forms for other 
reagents, and one gross o£ Ha swallers in gase vou are 
successtul, Outline à preparation of racemie muscalure 


that meets the company s needs. 


CH ICH. 1I- ЕНИ АН» 
== 
r E 
11 1] 
muscalure 


Ouiline а preparation of racemic disparfure. a 


pheromone of the gypsy moth. from acetylene and апу 


other compounds containing not more than five carbon 
atomis. 


o 
В 


CHACHA  CNCH34CH(H;) 
Н H 


disparlure 


13.38. In the preparation of ethynylmagnesium bromide by 
the transmetallation reaction of Eq. 14.24, 
ethylmagnesium bromide is added to a large excess of 
acetylene in THF solution. Two side reactions that can 
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occur in this procedure are shown in Fig. P14.38. 

(a) Suggest a mechanism for reaction (1), and explain 
why an excess of acetylene is important for avoid- 
ing this reaction, 

(b) Suggest a mechanism for reaction (2). and explain 
why an excess of acetylene is important for avoid- 
ing this reacton. 

(c1 Tetrahydrofuran (THF) is used as a solvent because 
the undesired by-product, BrMg—(CzC— MgBr, 
is relatively soluble in this solvent. Explain why it 
is important for this by-product to be soluble if 


both side reactions are [о be minimized. 


wavelength, micrometers 


> 


percent transmittance 


55 6 


11 12 15141516 


compound A 
ARDO 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 a00 e) 
wavenumber, cm ^! 
wavelength, micrometers 
3 35 4 45 5 7 8 9 10 11 12 


percent transmittance 


| compound B 


3800 3400 3000 2600 2200 2000 


wu ven mber, cm 


Figure P14.35 IR spectra for Problem 14.35. 


(1} H—C=C—MgBr + CH,CH;— MgBr 
(2) 2 H—C=C— MegBr 


Figure P14.38 


55 6 


i3 14 1516 


1400 1200 1000 600 


1800 1600 900 


—» CH,CH, + BrMg—C=C—MgBr 


X H—C=C—H + BrMg—CzC—MgBr 
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14.39 (a) When the reduction of alkynes to alkenes by Na in (b) C,H,O: liberates a gas when treated with 
liquid ammonia is attempted with a |-alkyne, every C,H,MgBr 


three moles of 1-alkyne give only one mole of NMR: 82.43 (1H. 1, J = 2 Hz: 


3.41 (3H, sy; 64,10 (2H. d, J = 2 Hz) 


Na P IR: 2125, 3300 стг! 
RCH=CH, + 2ВС==С: Nat 


alkene and two moles of the acetylenic anion: 


3RC=CH 


NH, (liq) 
m (c) C,H,O: 
Explain this result using the mechanism of this re- NMR in Fig. P14.40 
duction and what you know about the acidity of 1- IR: 2100, 3300 сї! (sharp), superimposed on а 
alkynes. broad, strong band at 3350 cm"! 
(b) When (NH,},5Q, is added to the reaction mixture, (d) C4H,O 


the 1-alkyne is converted completely into the 
alkene. Explain. IR: 3300, 2102, 1634 cm^' 

NMR: 63.10 (LH. d. J = 2 Hz), 63.79 (3H. 5); 
64.52 (1H. doublet of doublets, 


14.40 Identify the following compounds from their IR and 
E J = 6 Hz and 2 Hz); 66.38 (1H, d. 7 = 6 Hz) 


proton NMR spectra. 
(a) C,H,40: 


NMR: 83.3] (3H. 5): 62.41 (1H. sx 
51.43 (6H. 5) 
IR: 2110, 3300 em"! (sharp) 


14.4] (a) Identify the compound C.H, that shows IR ab- 
sorptions at 3300 ст” and 2100 стт! and has the 
following C NMR spectrum: 8 27.3. 31.0, 66.7, 
92.8. 
(b) Explain how you could distinguish between 
|-hexyne and 4-methyl-2-pentyne by "C NMR. 


chemical shift, Hz 
2400 2100 | 500 1500 1 200 900 600 300 ü 


disappears 
on D20 shake 


chemical shift, ppm (5) 


Figure P14.40 The NMR spectrum for Problem 14.40c. A trace of aqueous acid was added to the compound 
before the spectrum was obtained. The integral (as the number of protons) is shown in red over each absorption, 
The absorptions labeled "dry" were obtained on a very dry sample before addition of the acid. The absorptions la- 
beled “wet” were obtained in the presence of aqueous acid. 
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14.42 Propose mechanisms for each of the following known О O Су 
transformations; use the curved-arrow notation where | | | 
T HOC— CHiCH;— COH H— COH 
possible. 
TT O succinic acid formic acid 
H-0 | 
РҺ—С==СН + Br, — =» Ph—C—CH,Br | | | | 
14.44 An optically active alkyne A (C,,H,,) can be catalyti- 
+ HBr : p» 
cally hydrogenated to butyleyclohexane. Treatment о] 
(b) — A with C,H.MgBr liberates no gas. Catalytic hydro- 
ор, dps" " Tn 
h ж Ж ае, em excess) Ph—C=c—p genation of A over Pd/C in the presence of quinoline 
Р t THF Быт» poison and treatment of the product with O and then 


Н.О, gives an optically active tricarboxylic acid 
СНО, (A tricarhoxylie acid is a compound with 
three —CO,H groups.) Give the structure of А, and 
account for all observations. 


14.43 A compound А (C,H,) undergoes catalytic hydrogena- 
tion over Lindlar catalyst to give a compound B, which 
in turn undergoes ozonolysis followed by workup with 
TOO init d ч н A а 14.45 Complete the reactions given in Fig. P14.45 using 

son, hydrogenation of A gives hexane. Propose a struc- 

ture for compound А. 


knowledge or intuition developed from this or previous 
chapters. 


A CH3CH:MgB 120 
tu) CH;CH;CH;CH;C——CH ЖЕЕ НЕН а шее 


А СНА 
(b) СН,СН,СН,СН,—С==С—Н + CH,CH;CH;CH,—li —> i, 


(Aint: Tertiary silyl halides, unlike tertiary alkyl halides, undergo nucleophilic 
substitution reactions that are not complicated by competing elimination 
reactions. } 
(с) | 
CHCH —O —5—4€O0 — CHCH; 
| 


{7 
CHi(CH;J,— CERE CH амн diethyl sulfate 
(ffint: See Sec, 10.3С.) 
(d) Li — Cz CH + ЕСН») С] ——m 
(1 equivalent) 
(e) neutralize 
ІН. H,a* (a hydrocarbon not 
Ph—CH=CH; + Bry —— SE — Ot 1а усто 


containing bromine) 
(Hint: See Sec, 9.5) 


(Е) - K*iCHiSCO" 
Ph—C=C—Ph + HCCI, 5 


(Hint: See бес. 9.8A) 


Figure P14.45 
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Dienes, Resonance, 
and Aromaticity 


Dienes are compounds with two carbon-carbon double bonds. Their nomenclature was dis- 
cussed along with the nomenclature of other alkenes in See. 2A. Dienes are elussiied 
according to the relationship of their double bonds. In conjugated dienes, two double bonds 
ure separated by one single bond. These double bonds ure culled conjugated double bonds. 


conjugated double bonds 


Em 
IlC— CHE — CHS CHE 


L,3-butadiene 
Ld conmated diene! 


Cumulenes are compounds in which one carbon participates in two carbon-carbon double 
bonds; these double bonds are called cumulated double bonds. Propaciene (commen name al- 
tenei Is the simplest cumulene. The term aene is also sometimes used as a family name for 
compounds containing only two cumulated double bonds. 


one carbon involved in two double bonds 


propadiene 
fallene) 


Conjugated dienes and allenes hase unique structures and chemical properties thal are the 
basis for much of the discussion in this chapter. 

Dienes in whieh the double bonds are separated by two or more single bonds have struc- 
tures and chemical properties more or less like those of simple alkenes and do not require spe- 
cial discussion, These dienes will be culled "ordinary" dienes. 
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H.C—CHCH;CH;CH,CH — CH: 


H,6-heptadiene 
(an ordinary diene} 


In this chapter, you'll see that the interaction of two functional groups within the same mol- 
ecule—in this case two carbon-carbon double bonds—can result in special reactivity. [n partic- 
ular, you'll learn how conjugated double bonds differ in their reactivity from ordinary double 
bonds. This discussion will lead to a consideration of benzene, a cyclic hydrocarbon in which 
the effects of conjugation are particularly dramatic. The chemistry of benzene and the effects of 
conjugation on chemical properties will continue as central themes through Chapter 18. 


STRUCTURE AND STABILITY OF DIENES 


A. Stability of Conjugated Dienes. Molecular Orbitals 


The heats of formation listed in Table 15.1 provide information about the relative stabilities of 
dienes, The effect of conjugation on the stability of dienes can be deduced from a comparison 
of the heats of formation for (£)-1,3-hexadiene, a conjugated diene, and (E )- I,4-hexadiene, an 
unconjugated isomer. Notice from the heats of formation that the conjugated diene is 19.7 
kJ mol! (4.7 kcal mol7'} more stable than its unconjugated isomer. Because the double bonds 
in these two compounds have the same number of branches and the same stereochemistry. this 
stabilization of nearly 20 kJ то! (5 kcal то] 1) is due to conjugation. 

One possible reason for this additional stability could be the differences in the e bonds be- 
tween isomeric conjugated and unconjugated dienes. For example. comparing the isomers 


GSES Heats of Formation of Dienes and Alkynes 


AH; (25 °C, gas phase) 


Compound Structure kJ mol”! kcal mol ' 
(E)- V, 3-hexadiene H,C=CH H 54,4 13.0 
^ / «XN 
с=с | AE 
H CH,CH, 
(E1-1,4-hexadiene H4C—CHCH; H 74.1 17.7 
^ / 
с=с 
/ ү 
Н ЄН, 
1-pentyne HC==CCH,CH,CH, 144 34.5 
2-pentyne CH,C—CCH;CH; 128 30.8 
(E}-1,3-pentadiene 4,0==CH H 75.8 18.1 
^ 
с=с 
/ N 
H CH; 
1,4-pentadiene H,C—CHCH;,CH—CH, 106 254 
1,2-pentadiene H.C—C—LCHCH;CH, 141 33.6 


2,3-pentadiene CH,CH—C—CHCH, 133 31.8 


678 


CHAPTER 15 * DIENES, RESONANCE, AND AROMATICITY 


| .J-hexadiene and 1.3-hexadiene, we find that two ұрар" co bonds in the unconjugated diene 
are traded for one spp and one хрр" a bond in the conjugated diene. ~ 


sn -$0 f j [т Sp p" sp 2] ‚| sp sp 
D. ML ыс _ =, | En OR dA. 
H.C = CH —CH-— CH = CH — CH, HC = CH— CH — CH —UCH.—CH. 
],4-hexadiene 1,3-hexadiene 
tunconiugated | Iconiugated i 


We leurned in Sec. 14.2 that e bonds with more х character are stronger than those with less s 
character. Two 4p^—sp! o honds in the unconjugated diene, then. are "traded" for a xironger 
bond (the sp-sp bond) and a weaker bond (the хр? sp! bond). These bond-strength effects al- 
most cancel; one estimate is that these effects account al most for 5-6 kJ mol! (1271.4 
kcal тої of the enhanced stability of the conjugated diene. 

The second and major reason tor the greater stability of conjugated dienes ts the overlap of 2p 
orbitals across the carbon—carben bond connecting the two alkene units. That is. not only does 77 
bonding occur wiin each of the alkene units; but between them as well. Fig. 1А. 1а shows the 
alignment of carbon 2p orbitals in 1.3-butadiene, the simplest conjugated diene. Notice that the 
Ap orbitals on the central carbons are in the parallel alignment necessary for overlap, 

As we learned when we considered m bonding in ethylene (See. 4.1 Bj, the overlap of 2p 
orbitals results in the formation of m molecular orbitals. The overlap of f 2p orbitals results 
in the formation of / molecular orbitals. In the case of a conjugated diene, у = 4. Theretore, 
four molecular orbitals (MOs) are formed. For à conjugated diene, half of the MOs are bond- 
ing—they have a lower energy than an isolated 27 atomic orbital. The other half are anli- 
bonding—they have a higher energy than an isolated 2p orbital. These tour МО» for 1.3-hu- 
tadiene, the simplest conjugated diene, are shown in Fig. 15.15. Each MO of successively 
higher energy has one additional node. and the nades are symmetrically arranged within the 
a system. The MO of lowest energy. mp has no node. and the second bonding MO, m. has 
one node between the two interior carbons, The antibonding MOs. 77? and 72. have two and 
three nodes, respectively. (The asterisk indicates their antibonding character.) 

|. 3-Butadiene has four 2p electrons; these electrons are distributed into the four МО», Be- 
cause each MO can aecommedate yo electrons; two electrons are placed inte 77, and two into 
m. These two bonding MOs, then, are the ones we want lo examine to understand the bonding 
and stability of conjugated dienes. Consider first the energies of these bonding MOs. These arc 
shown Io scale relative to the energies of the ethylene MOs Fig. 4.6. р. 126). The energy цип 
conventionally used with т MOs is culled beta (В). which, for conjugated alkenes, has a value 
of roughly -50 KI mol 7! (712 keal mol 1. By convention, B is a negative number, The m, MO 
of butadiene has a relative energy of 1.628. and m, has a relative energy of 0.628. Each m elec- 
tron in butadiene conteibules to the molecule the energy of tts MO. Therefore, the two electrons 
in 7, each contribute E628 or a total of 3.248. and the two electrons in m, contribute 2 X 
(0.628) — 1.248. The total т electron energy for I.3-butadiene, then. is +48 8. 

To calculate the bonding advantage of a conjugated diene, then, we compare it (o the 
7-electron energy of two isolated ethylene molecules. As Fig. 15.1 shows, the honding MO of 
ethylene hes at 1.008: the two bonding 7 electrons of ethylene contribute à s-electron energy 
of 2.008, and the 7 electrons of two isolated ethylenes contribute 4.005. [It follows that the en- 
ergetic advantage of conjugation—orbital overlap—in 1.3-butadiene ts 4.4858 — 408 — 0.485. 
This energetic advantage must result from 75. which is the MO with lower energy than the 
bonding MO of ethylene. 

Half of the total z-electron density in. 13-butadiene is contributed by the two electrons m 7) 
and half by the two electrons in ma. Consider now the nodal structure of these iwo molecular 
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"= шш штттотч = == == SS — шы ы Um аш am = Ts 
f 


energy of the 
ethylene antibonding MO 
(1.008) 


2p atomic orbitals 
(a) | 


energy of the 
ethylene banding MO 
(E 1,008) 


T molecular orbitals 


(b) 


Figure 15.1 An orbital interaction diagram showing т molecular orbital (MO) formation in 1,3-butadiene. (a) 
Arrangement of 2p orbitals in 1,3-butadiene, the simplest conjugated diene. Notice that the axes of the 2p orbitals 
are properly aligned for overlap. (b) Interaction of the four 2p orbitals (dashed black lines) gives four т MOs. Мода! 
planes are shown in gray. Notice that nodes occur between peaks and troughs in the MOs, indicated by blue and 
green, respectively. The four 2p electrons both go into m, and m, the bonding MOs. The violet arrows and num- 
bers show the relative energies of the MOs in B units. (Remember that Bis a negative number.) The relative ener- 
gies of the ethylene MOs are shown in red. 


orbitals. The m, MO has a node that divides the molecule into two isolated "ethylene halves;" 
thus, the electrons in this MO contribute some isolated double-bond character to the z-electron 
structure of 1.3-butadiene. However, the 7r, MO has no node; consequently, the electron density 
in this MO is spread across the entire molecule. The electrons in тг, for this reason are said to be 
delocalized. In particular, this MO contributes to bonding between the two central carbons—the 
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carbons connected by the “single bond.” The delocalization of a electrons across ihe central 
single bond is also evident from the EPM of 1,3-butadiene. 


7-electron density 
' across the C—C single bond 


ГРМ of 1,3-butadiene 


This analysis shows that electron delocalization, which is not adequateiv conveyed by 
Lewis structures. Ix responsible for the additional stability associated with conjugation. To put 
it another way, cenigalion results in additional bonding that makes a molecule more stable. 

The energetic ads antage of conjugation is called the delocalization energy. This name col- 
orfully deseribes its origin—the delocalization of electrons in m. Because f$ is negative. delu- 
ealization energy is energy the molecule "doesn't have” The delocalization energy of 1.3-bu- 
ladiene b 0.38 B. which. as we have seen, is the difference between the z-electron energies of 
|.4-hbuladiene and two isolated eths lenes. 


PROBLEMS ' . ; ; 
| PROBLEMS 15.1 The conjugated triene (£)-1.3,5-hexatriene has six zr molecular orbitais with relative energies 


3- 1.808, £1.25, and «0.445. (a) Sketch these МО». Indicate which are bonding and which 
are antibonding. (b) Tell how many nodes each has. (c) Show the position of the nodes in 75. 
Tas and TE- 


15.2 Calculate the delocalization energy for (/)-1.3,5-һехаігіепе. 


B. Structure of Conjugated Dienes 


The length ef the carbon-carbon single bond in 1,3-butadiene relleets the hy bridization of the 
orbitals from which it is constructed. At 146 А. this arap single bond is considerably 
shorter than both the зрур“ carbon-carbon single bond in propene (1.50 A) and the sys)" 
carbon-carbon bond in ethane (1.54 А). 


T 34 А П D | M А à 
H.C——CH——CH——CH 
I — >} 

1.46 A 


Recall from Sees, 4. РА and 4.2 that. as the fraction of s character in the component orbitals in- 
creases, the length of the hond decreiises. 

Conjugated dienes such as T. 3-huradiene undergo rapid internal rotation about the central 
млоје band of the diene unit. 1,5-Butadiene has two stable conformations. The most stable 
conformation is the s-trans conformation. (The s-prelix emphasizes that this refers to rota- 
поп about a smile bond. r This contermation is sometimes called the anti conformation. The 
second conformation is the gauche or skew conformation. These conformations and their 
relative standard free energies are shown in Fig. £5.2a; Newman projections are shown in Fig. 
] 5.2h. (The s-trans conformation is shown in Fig. 15.1 as well.) In the s-trans conformation, 
the 2p orbitals of all carbons are coplanar and can overlap. In the gauche conformation, the 2p 
orbitals of one double bond are twisted 38° relative to those of the other, at the cost of some 
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van der Waals 


9 repulsions 


1 
=r 


ә. 
K 


s-trans, or anti, gauche, or skew, 5-С1$ 
conformation conformation conformation 


24 k] mol"! 
(5.8 kcal mol ') 
15 k] mol`’ 


= 
у Biol (3.6 kcal mol) 


(2.7 kcal mol) 


STANDARD FREE ENERGY 


gauche 


g 102 1427 180° 


angle of rotation 
(a) 
Moe 


H 
s-trans conformation gauche conformation 


(5) 


Figure 15.2 (a) The conformations of 1,3-butadiene and their relative standard free energies. Internal rotation 
occurs about the central carbon-carbon single bond (green arrow: rotation angles are shown in green along the 
horizontal axis). (b) Newman projections of the two stable conformations obtained by sighting along the central 
carbon-carbon single bond, as shown by the eyeball in (a). 


orbital overlap. The partial loss of overlap accounts for the higher energy of the gauche con- 
formation. The energy barrier between the two conformations, which is greatest at 102°, 
largely reflects the complete loss of overlap at this angle. The third conformation shown in 
Fig. 15.2a, the s-cis conformation, is unstable. In this conformation, the 2p orbitals are copla- 
nar, but van der Waals repulsions between two of the hydrogens (shown in Fig. 15.2a) desta- 
bilize this conformation; in the gauche conformation, the offending hydrogens are further 
apart. Despite the instability of the s-cis conformation, it is important in some reactions of 
conjugated dienes (Sec. 15.3). 


F M = ! 
наса 15.3 Draw the s-cis and s-trans conformations of (2E,AE )-2.4-hexadiene and (25,44 )-2,4-hexadi- 
ene. Which diene contains the greater proportion of s-cis conformation? Why? 
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С. Structure and Stability of Cumulated Dienes 


The structure of alene is shown in Fig. 15.3. Because the central carbon of allene is bound to 
lwo groups, the carbon skeleton of this molecule is linear (See. 1.3280. A carbon atom with 
[80° bond angles is sp-hybridized (Sec, 14.2). Therefore. the central carbon of allene, like the 
carbons in an alkyne triple bond. is sp-hybridized. The two remaining carbons of the cumu- 
lated diene are ap7-hybridized and have trigonal planar geometry. 

The (wo 7 bonds in allenes are mutually perpendicular, as required by the sp hybridization 
ol the central carbon atom (Fig. 15.4). Consequently, the А С H plane at one end of the 
allene molecule is perpendicular to the H— C -H plane at the other end, as shown by the 
Newman projection in Pig. 15.3. Note carefully the difference in the bonding arrangements in 
aliene and the conjugated diene 1.35-butadiene. in the conjugated diene. the i-electron systems 
of the two double honds are coplanar and can overlap: all carbon atoms are ap7-hybridized. In 
contrast, allene contains two mutually perpendicular 77 systems. each spanning two carbons; 
the central carbon is part of both. Because these two sz systems are perpendicular, they do gor 
overlap. The perpendicular 7 orbitals of allene are reflected in the EPM of allene. which 
shows areas of sr-electron density above and below each double bond. 


„ regions of z-electron density lie 
on perpendicular axes 


PAT ot allene 


Because of their geometries, some allengs are chiral even though they do not contain an 
asymmetrie carbon atom. The following molecule, 2,3-pentadiene, is an example of a chiral 
aliene. 


nirror 
CH; HG 
li, — d \ „И 
ppt =0 =U] 
Hac N / “CH; 
H H 
i 


enantiomers 


(Using models if necessary, verify the chirality of 2,3-pentadiene by showing that these two 
structures аге not congruent.) The two «s -hybridized carhons are stereocenters, Thus. the 
enantiomers of 2, 3-pentadiene differ by an internal rotation about either double bond. Because 
internal rotanon about a double bond does not occur under normal conditions, enantiomeric 
allenes can be Isolated. This is another example of a chiral molecule that has no asymmetric 
aloms; sec Sec, 6.9, 

The sp hybridization of allenes ts reflected in their C — C stretching absorptions in the in- 
Irared spectrum. Fhis absorption occurs near 1950 стат, not fur from the C=C stretching ab- 
sorption ol alkynes. 
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Figure 15.3 The structure of allene, the simplest cumulated diene. (a) Lewis structure showing the bond angles 
and bond lengths. (b) A Newman projection along the carbon-carbon double bonds as seen by the eyeball. The 
CH, groups at opposite ends of the molecule lie in perpendicular planes. 


perpendicular 
2p orbitals perpendicular 
Tr orbitals 


sp carbon 


^ 
sp^ 


carbon 


sp 


catbon 


(а) (h) 


Figure 15.4 The zr-electron structure of allene. The blue and green orbital colors represent wave peaks and 
wave troughs. (a) The component 2p orbitals of the double bonds. The central carbon is sp-hybridized and thus 


has two mutually perpendicular 2p orbitals. (b) The 7 molecular orbitals that result from overlap of the 2p orbitals 
are mutually perpendicular and do not overlap. 


The data in Table 15.1 (p. 677) show that allenes have greater heats of formation than other 
types of isomeric dienes. For example, 1.2-pentadiene is considerably less stable than 1,3-реп- 
tadiene or |,4-pentadiene. Thus, the cumulated arrangement is the least stable arrangement of 
two double bonds. A comparison of the heats of formation of 2-pentyne and 2,3-pentadiene 
shows that allenes are somewhat less stable than isomeric alkynes as well. In fact, a common 
reaction of allenes is isomerization to alkynes. 

Although a few naturally occurring allenes are known, allenes are relatively rare in nature. 


Mo iz 154 Explain why there is a larger difference between the heats of formation of (E)- 1,3-pentadiene 
and i,4-pentadiene (29.3 kJ mol^! or 7.1 kcal mol~'} than between (E)-1.3-hexadiene and 
(E)-1,4-hexadiene (19.7 kJ mol^' or 4.7 kcal mol" !). 


15.5 (a) Draw line-and-wedge structures for the two enantiomers of the following allene. 
CH;CH;CH;CH,; 
H4C—CH-—C-—C 
COH 
(b) One enantiomer of this compound has a specific rotation of — 30.7". What is the specific 
rotation of the other? 
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ULTRAVIOLET-VISIBLE SPECTROSCOPY 


The IR and NMR spectra of conjugated dienes are very similar to the spectra of ordinary 
alkenes. However, another type of spectroscopy can be used to analyze and identify organic 
compounds containing conjugated z-electron systems. In this type of spectroscopy, called ul- 
traviolet-visible spectroscopy, the absorption of radiation in the ultraviolet or visible region 
of the spectrum is recorded as a function of wavelength. The part of the ultraviolet spectrum 
of greatest interest to organic chemists is the near ultraviolet (wavelength range 200 х 107° 
to 400 х 107° m). Visible light, as the name implies, is electromagnetic radiation visible to the 
human eye (wavelengths from 400 x 107° to 750 x 10^" m). Because there is a common 
physical basis for the absorption of both ultraviolet and visible radiation by chemical com- 
pounds, hoth ultraviolet and visible spectroscopy are considered together as one type of spec- 
troscopy, often called simply UV-vis spectroscopy. 


A. The UV-Vis Spectrum 


Like any other absorption spectrum, the UV--vis spectrum of a substance is the graph of radi- 
ation absorption by the substance versus the wavelength of the radiation, The instrument used 
to measure а UV-vis spectrum is called a UV-vis spectrophotometer. Except for the fact that 
it is designed to operate in a different part of the electromagnetic spectrum, it is conceptually 
much like any other absorption spectrometer (Fig. 12.3, p. 539). 

A typical UV spectrum, that of 2-methy]- 1,3-butadiene (isoprene), is shown in Fig. 15.5. 
Because isoprene does not absorb visible light. only the ultraviolet region of the spectrum is 
shown. On the horizontal axis of the UV spectrum is plotted the wavelength À of the radiation. 
In UV spectroscopy. the conventional unit of wavelength is the nanometer (abbreviated nm). 
One nanometer equals 107° meter. (In older literature, the term millimicron, abbreviated ту, 
was used: a millimicron ts the same as a nanometer.) The relationship between the energy of 
the electromagnetic radiation and its frequency or wavelength should be reviewed again 
(Sec. 12,1А). 
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Figure 15.5 Ultraviolet-visible spectrum of isoprene in methanol.The A, (red) is the wavelength at which the 


absorption maximum occurs; for isoprene, the À na is 222.5 пт. 
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The vertical axis of a UV spectrum shows the absorbance. ( Absorbance is sometimes called 
optical density, abbreviated OD.) The absorbance is a measure of the amount of radiant energy 
absorbed. Suppose the radiation entering а sample has intensity /,, and the light emerging from 
the sample has intensity 7. The absorbance A is defined as the logarithm of the ratio /,//: 


А = log (h/h (15.1) 


According to Equation 15.1, then, the more radiant energy is absorbed. the larger is the ratio 
/,/7, and the greater the absorbance. 


| PROBLEMS 
15.6 What is the energy of light (in kJ mol"! or kcal mol") with a wavelength of 


2 


Further Exploration 15.1 
More on Uv 
Spectroscopy 


(a}450 nm? (h) 250 nm? 
15.7 (a) What percent of the incident radiation is transmitted by a sample when its absorbance is 
1.0? When its absorbance is 0? 
(b) What is the absorbance of a sample that transmits one-half of the incident radiation 
intensity? 
15.8 A thin piece of red glass held up to white light appears brighter to the eye than a piece of the 
same glass that is twice as thick. Which piece has the greater ahsorbance? 


[n the UV-vis spectra used in this text, absorbance increases from the bottom to the top 
of the spectrum. Therefore, absorption maxima occur as high points or peaks in the spec- 
trum. Notice the difference in how UV-vis and IR spectra are presented. ( Absorptions in 
IR spectra increase from top to bottom because IK spectra are conventionally presented as 
plots of transmittance, or percentage of light transmitted.) In the UV-vis spectrum shown 
in Fig. 15.5, the absorbance maximum occurs ala wavelength of 222.5 nm. The wavelength 
at the maximum of an absorption peak is called the Ana, (pronounced “lambda-max”). 
Some compounds have several absorption peaks and a corresponding number of А, val- 
ues. Absorption peaks in the UV—vis spectra of compounds in solution are generally quite 
broad. That is, peak widths span a considerable range of wavelength, typically 50 nm or 
more. (The reason is discussed in Further Exploration 15.1 in the Study Guide.) 

The absorbance at a given wavelength depends on the number of molecules in the light 
path. If a sample is contained in a vessel with a thickness along the light path of / cm, and the 
absorbing compound is present at a concentration of ¢ moles per liter, then the absorbance is 
proportional to the product /c. 


А = elc (15.2) 


This equation 15 called the Beer—Lambert law or simply Beer's law. The constant of propor- 
tionality € is called the molar extinction coefficient or molar absorptivity. The units of € are 
L mol`! стт, or M стг: these units are sometimes omitted when values of e are cited. 
Each absorption in a given spectrum has a unique extinction coefficient that depends on wave- 
length. solvent, and temperature. The larger is e, the greater is the light absorption at a given 
concentration ¢ and path length /. For example, the extinction coefficient of isoprene (Fig. 
15.5) at its Ana Of 222.5 nm is 10,750 М ст”! in methanol solvent at 25 °C; its extinction 
coefficient in alkane solvents is nearly twice as large. 

Extinction coefficients of 107-10? M^' em"! are common for molecules with conjugated 
T-electron systems. This means that strong absorptions can be obtained from very dilute so- 
lutions—solutions with concentrations on the order of 1077—10^* M with a typical path 
length of | cm. Because of its intrinsic sensitivity and its relatively simple instrumentation, 
UV-vis spectroscopy was one of the earliest forms of spectroscopy to be used routinely in 
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the laboratory; adequate spectra could be obtained on even the most primitive spectrome- 
ters, UV-vis spectroscopy remains a very important method for quantitative analysis. 

Some UV-vis spectra are presented in abbreviated form by citing the ÀA values of their 
principal peaks, the solvent used, and the extinction coefficients. For example, the spectrum in 
Fig. [5.5 is summarized as follows: 


А м CHOH) = 222.5 nm {є = 10,750) 


or А СНОН) = 222.5 nm (log є = 4.03) 


PROBLEM ! 
| PROBLEM | 15.9 (a) From the extinction coefficient of isoprene (10,750 M~'cm7') and its observed ab- 


sorbance at 222.5 nm (Fig. 15.5), calculate the concentration of isoprene in moles/liter 
(assume a 1-ст light path). 

(b) From the results of part (a) and Fig. 15.5, calculate the extinction coefficient of isoprene 
at 235 nm. 


Physical Basis of UV-Vis Spectroscopy 


What determines whether an organic compound will absorb UV or visible radiation? 
Ultraviolet and/or visible radiation is absorbed by the тт electrons and. in some cases, by the 
unshared electron pairs in organic compounds. For this reason, UY-vis spectra are sometimes 
called electronic spectra. (The electrons of e bonds absorb at much shorter wavelengths, in 
the far ultraviolet.) Absorptions by compounds containing only single bonds and unshared 
electron pairs are generally quite weak (that is, their extinction coefficients are small). How- 
ever, intense absorption of UV and visible radiation occurs when a compound contains 7 elec- 
trons. The simplest hydrocarbon containing 7 electrons, ethylene, absorbs UV radiation at 
Ama = 165 nm (e = 15.000). Although this 15 a strong absorption, the A,,,, of ethylene and 
other simple alkenes is below the usual working wavelength range of most conventional 
UV-vis spectrophotometers; the lower end of this range is about 200 nm. However, molecules 
with conjugated double or triple bonds (for example, isoprene, Fig. 15.5) have À „n values 
greater than 200 nm. Therefore, UV-vis spectroscopy is especially useful for the diagnosis of 
conjugated double or triple bonds. 


H,C-—CHCH;CH;CH-——CH; — the double bonds are not conjugated: 
по Ama, above 200 nm 


Po] 
НС C C the double bonds are conjugated: 
C С CH: this compound has a Ama, above 200 nm: 
| | Атах = 227 nm (e = 14,200) 


The structural feature of a molecule responsible for its UV—vis absorption is called a chro- 
mophore, from Greek words meaning "to bear color." Thus, the chromophore in isoprene 
(Fig. 15.5) 15 the system of conjugated double bonds. Because many important compounds do 
not contain conjugated double bonds or other chromophores, UV—vis spectroscopy has lim- 
ited utility in structure determination compared with NMR and IR spectroscopy. However, the 
technique is widely used for quantitative analysis in both chemistry and biology; and, when 
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antibonding 137 3 
molecular orbital UY radtation 


AF UET AN 


ground state excited state 


bonding ( m] 
molecular orbital 


Figure 15,6 Absorption of UV radiation by ethylene. The molecular arbitals of ethylene are shown on the teft, 
and the energy difference between these orbitals is shown as АЕ In the ground state of ethylene, two electrons of 
opposite spin occupy the bonding [ 7) molecular orbital. When ethylene is subjected to UV radiation of energy — 
AE,an electron (shown in red) is promoted from the bonding molecular orbital ta the antibonding (z** molecular 
orbital. The product of this energy absorption is an excited state of ethylene. 


compounds do contain conjugated multiple bonds. the U V-vis spectrum can be an important 
element in à structure proof. 

The physical phenomenon responsible for the absorption of energy in the UV-vis spec- 
lroscopy experiment can be understood from a consideration of what happens when ethylene 
absorbs UV vis radiation at 165 nm. The z-electron structure of ethylene was discussed m 
Sec. F. TA. and is shown in Fig. 15.6. In the normal state of the ethylene molecule, called the 
ground state. he two 7 electrons occupy a beading z molecular orbital. When ethylene ab- 
sorbs energy trom light. one 7 electron is elevated from this bonding molecular orbital to the 
antibonding ос т molecular orbital. This means that the electron assumes the more energetic 
wave motion characteristic of the a* orbital, which includes a node hetween the two carbon 
atoms. The resulting state of the ethylene molecule, in which there is one electron in each mol- 
ecular orbital, is called an excited state. The energy required for this absorption must match 
AF, the difference in the energies of the m and amë orbitals (Fig. 15.6). As a result. the 165-nm 
absorption of ethylene is called a zr — 7 transition (read "pi to pi star’). The UV 
absorplions of conjugated alkenes arc also due lo 7 — z7* Lransitions. 


UV-Vis Spectroscopy of Conjugated Alkenes 


When Шм spectroscopy is used to determine chemical structure, the most important is- 
pect of a spectrum is the A... values, The structural feature of a compound that is most impor- 
tant in determining the A... is the number of consecutive conjugated double (or triple? bonds. 
The langer the conjugated s-electron svstem (that ts, the more consecutive conpugated multi- 
ple bonds), the higher the wavelength of the absorption, Molecular orbital theory provides an 
explanation for this effect. As shown in Fig. 15.6. the energy of the radiation required for 
Lj V-vts absorption is determined by the energy separation between the occupied thonding) 


ШЕКЕ 
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MO and the unoccupied (antibonding) MO. As you learned in Sec. 12.1, this energy is in- 
versely proportional to the wavelength À: 


hc 
ДЕ = hp = Y (15.4) 


А conjugated alkene contains more than one bonding MO апа more than one antibonding МО, 
as we found for 1,3-butadiene (Fig. 15.1. p. 679). In a conjugated diene, the UV-vis absorption 
at highest wavelength results in promotion of a 7 electron from the bonding MO of #ighest en- 
ergy, called the HOMO (an acronym for "highest occupied molecular orbital”) to the antibond- 
ing MO of lowest energy. called the LUMO (for “lowest unoccupied molecular orbital”). In other 
words, the HOMO-LUMO energy gap—the energy difference between these two MOs—4leter- 
mines the wavelength of the absorption. The relative energies of the т MOs for ethylene and the 
first two conjugated alkenes are shown in Fig. 15.7. This figure shows that the HOMO-LUMO 
gap becomes smaller as the number of conjugated double bonds increases. The energy of the ra- 
diation required for absorption, then, becomes smaller, and the wavelength greater. as the num- 
ber of double bonds increases. (There are factors in addition to the HOMO-LUMDO gap that also 
contribute to the А; see Further Exploration 15.1 in the Study Guide.) 

Table 15.2 lists the А, values for a series of conjugated alkenes. Notice that A, (as well 
as the extinction coefficient) increases with increasing number of conjugated double bonds: 
each additional conjugated double bond increases А, by 30-50 nm. Molecules that contain 
many conjugated double bonds, such as the last one in Table 15.2. generally have several ab- 
sorption peaks, These result not only from the HOMO-LUMO transition but also from elec- 
tronic transitions involving other m MOs as well. The А, usually quoted for such compounds 
is the one at highest wavelength, which corresponds to the HOMO-LUMO transition. 


p— —i.80B 


— | 55 


——1.2 5 

LUMO mmm __ 1.008 
| E 3m 
LUMO summ —().62/5 LUMO m —0.4d B 


HOMO-LUMO gap 


HOMO — +0.44 3 
HOMO —— +0.628 : 


HOMO -= 1.008 


с=з +1.62[ 7 
+ В —— +1.808 


HC— CH; H;C-— CH — CH — CH; H,C— CH —CH = CH — CH — CH; 
ethylene 1,3-butadiene (£)-1,3,5-hexatriene 


Figure 15.7 The relationship of the absorption energy in UV-vis spectroscopy to the number of conjugated 
double Bonds. The energies of the 7 molecular orbitals for ethylene, 1,3-butadiene, and (E)-1,3,5-hexatriene are 
given in B units. The energy of the UV or visible radiation required for absorption is equal to the gap (lavender 
shading) between the highest occupied MO (HOMO) and the lowest unoccupied MO (LUMO), Absorption lindi- 
cated by the red “squiggly arrows") results in the promotion of an electron from the HOMO to the LUMO, As the 
number of double bonds increase, the size of the HOMO-LUMO дар decreases and, by Eq. 15.3, the absorption 
wavelength increases. 
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ТАВІЕ 15.2 ultraviolet Absorptions for Ethylene and Some Conjugated Alkenes 


Alkene А mayr N € 

ethylene 165 15,000 
2 “22 217 21,000 
"dins d 268 34,600 
PIU LE LEP EP LE 364 138,000 


It a compound has enough double bonds in conjugation, one or more of its A n values will 
be large enough to fall within the visible region of the electromagnetic spectrum, and the com- 
pound will be colored. An example of a conjugated alkene that absorbs visible light is B- 


carotene, which is found in carrots and is known to be a biological precursor of vitamin А: 


НС 


B-carotene 


Because of the large number of conjugated double honds in B-carotene, its absorption, which 
occurs between 400 and 500 nm, 15 in the visible (blue-green) part of the electromagnetic 
spectrum. Thus, when a sample of B-carotene is exposed to white light, blue-green light is ab- 
sorbed, and the eye perceives the unabsorbed light, which is red-orange. In fact, B-carotene 1s 
responsible for the orange color of carrots. 

The human eye can detect visible light because the eye contains organic compounds that 
absorb light in the visible region of the electromagnetic spectrum. In fact, light absorption by 
a pigment, rhodopsin, in the rod cells of the eye (as well as a related pigment in the cone cells) 
is the event that triggers the physiological response that we know as vision. The chromophore 
in rhodopsin is its group of six conjugated double bonds (red in the following structure): 


a 


P  opsin | 
4 (a protein ) 


rhodopsin 
(visual purple) 


Although the number of double or triple bonds in conjugation is the most Important thing 
that determines the А, of an organic compound, other factors are involved. One is the con- 
formation of a diene unit about its central single bond—Ahat is, whether the diene is in an s-cis 
or an s-trans conformation (Sec. 15.1 B). Recall that an acyclic diene assumes the lower energy 
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s-trans conformation. However, dienes locked into s-cis conformations have higher values of 
A, and lower extinction coefficients than comparably substituted s-trans compounds: 


ы 


H H 
H XC ( j х ( o. ———— 

м. 4 > м. „==, 7 ы. "| if LU 
с т сер, / \ 
| | a Б" 
Н Н 
Primarily s-trans constrained by the ring to constramed by the the ring ta 
Amax = 227 nm an s-cis canformation an s-cis conformation 

(e = 14,200) Àmax = 256 nm {є = 8000) Атах = 239 nm (e = 3400) 


A third variable that affects An in а less dramatic yet predictable way is the presence of 
substituent groups on the double bond. For example, each alkyl group on a conjugated double 
bond adds ahout 5 nm to the A „a of a conjugated alkene. Thus, the two methyl groups of 2,3- 
dimethyl-1.3-butadiene add (2 X 5) = 10 nm to the Ana of 1.3-butadiene, which is 217 nm 
(Table 15.2). The predicted Ama 15 (217 + 10) = 227 nm; the observed value is 226 nm. 


CH; one alkyl group *5nm 
x CH; -——— basic diene unit 217 nm 

H- ? 4 r 
CH, one alkyl group *5nm 


227 nm = predicted Ama 
2,3-dimethyl-1,3-butadiene 
(observed Anas = 226 nm) 


Although other structural features affect the А, of a conjugated alkene, the two most 1m- 


portant points to remember are: 


ШЕЕ 


1. The A,,,, 15 greater for compounds containing more conjugated double bonds. 
2. The Ana is affected by substituents, conformation, and other structural characteristics of 
the conjugated 7-electron system. 


PROBLEM 15.10 Predict À „a for the UV absorption of each of the following compounds. 
(a) H H (h) H 


Ge > ^+: С CH, 
CH,CH;- E Oe &- “= 
H H H 


THE DIELS-ALDER REACTION 


A. Reaction of Conjugated Dienes with Alkenes 


Conjugated dienes undergo several unique reactions. One of these was discovered in 1928, 
when two German chemists, Otto Diels (1876-1954) and Kurt Alder (1902-1958), showed 
that many conjugated dienes undergo addition reactions with certain alkenes or alkynes. The 
following reaction 15 typical: 


STUDY GUIDE LINK 15.1 


A Terminology 
Review 


39 
H^ S 


diene 
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i О 
Н CH, H СОСТ, н. 5 M 
| | 54 7€: n _ 
i | erede | (15.4) 
m C Я | 
Н CH; H СОСН, H or 
l O 


[ 845, vield) 


This type of reaction between a conjugated diene and an alkene is called the Diels-Alder re- 
action. For their extensive work on this reaction, Diels and Alder shared the 1950 Nobel Prize 
in Chemistry. 

The Diels-Alder reaction 15 an example of a eveloaddition reaction—an addition reaction 
that results in the formation of a ring. Indeed. (e Diefs-Alder reaction is an important method 
Jor making rings, as the example in Eq. 15.4 illustrates. 

The Diels-Alder reaction is also an example of a L4-naddition or conjugate addition. In 
such a reaction, addition occurs across the outer carbons (earbons | and 4) of the diene. Con- 
jugate addition is a characteristic type of reaction of conjugated dienes. In the Diels-Alder re- 
action, conjugate addition also results in the formation of a double bond between carbons 2 
and 3. (The numbers indicate the relative locations of the carbons involved in the addition: it 
has nothing to do with the numbering of the diene used in its substitutive nomenclature.) 


the diene and dienophile are 
joined at СІ and C4 of the diene | 


[5:5 


C CR. 
CH, 


dienephile 


а new double bond between C2 and C3 | 


When discussing the reactants in the Diels-Alder reaction, we employ the following termi- 
nology. which is illustrated in Eq. 15.5. The conjugated diene reactant is referred to simply as 
the «ене. and the alkene with which it reacts is called the dienophile (literally, “diene-loving 
molecule”). The diene in [.3-butadiene is used as the diene for simplicity in Eq. 15.5, but as 
youl] see shortly, a wide variety of dienes сап be used in this reaction. 

Mechanistically, the Diels-Alder reaction occurs in a single step involving a cyclic flow of 
electrons. The curved arrows for this mechanism can be drawn in either a clockwise or coun- 
terclockwise direction, 


H CH, H CH H - 
en __ ea. CIK 
QUEE ER, ~ET WC XR. cA 7 SR 
* a or |e ace | ——- | | | (56) 
n NT ОН. (aset. ОН. C CR. 
"d И, - c " : uu = 
H^ "CH. H^ HH. H^ "CH. 


(The best evidence for a concerted rather than a stepwise mechanism for the Diels- Alder re- 
action comes from the stereochemistry of the reaction, which we'll consider in Sees. 15.3B 
and 15.3C.) A concerted reaction that involves acyclic How of electrons is called a pericyclic 
reaction. The Diels-Alder reaction is à pericyclie reaction, as is the hydroboration of alkenes 
(Sec, 34B). However, hydroboration is not a cycloaddition, hecause no ring is formed. (Peri- 
eyelic reactions às a class are discussed from the perspective of MO theory in Chapter 27.) 
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Some of the dienophiles that react most rapidly in the Diels—Alder reaction, as in Eq. 15.4. 
bear substituent groups such as esters (— CO,R ). nitriles (—CN), or certain other unsaturated, 
electronegative groups. However, these substituents are not strictly necessary because the re- 
actions of many other alkenes can be promoted by heat or pressure. Some alkynes can also 
serve as dienophiles, 


CH, COCH, CH, 
l , COCH; 
| 140—150 "C; (15.7) 
T СОСН, 


СОСН, 


As you have already learned, when а simple diene is used in the Diels-Alder reaction, а 
new ring is formed. When the diene is cyclic, a second ring is formed. In other words, the 
Diels-Alder reaction can be used to prepare certain bicyclic compounds (Sec. 76A). 


(15.8) 


Study Problem 15.1 


Give the structure of the diene and dienophile that would react in a Diels-Alder reaction to give 
the following product: 


CO,CH; 


/ | 


Solution In the product of a Diels-Alder reaction, the two carbons of the double bond and the 
two adjacent carbons originate from the diene. These carbons are numbered 1 through 4 in the 
following structure: 


The two new single bonds formed in the reaction connect carbons 1 and 4 of the diene to the 
carbons of the dienophile double bond, which (because they are part of the same double bond) 
must be adjacent in the dienophile. This analysis reveals two possibilities, A and B, for the honds 
formed in the Diels—Alder reaction: 


dienophile new bonds new bonds 


carbons So 77d 


Ere а 


=. 


А B 


15.3 THE DIELS-ALDER REACTION 693 


Because the product is bicyclic, the diene in either case is а cyclic diene. The double bonds in the 
diene are between carbons | and 2 and between carbons 3 and 4. Thus, to derive the starting mate- 
rials in each case, follow these steps: 


|. Disconnect the bonds between carbons | and 4 and their adjacent dienophile carbons. 

2. Complete the diene structure by eliminating the double bond between carbons 2 and 3 and by 
adding the С1-С2 and C3-C4 double bonds. 

3. Complete the dienophile structure by adding the double bond between its carbons. 


By following these steps we find that the starting materials for possibilities A and # are as 
follows: (The carbon skeleton of the diene unit is first drawn exactly as it looks in the product 
(even though this is a distorted conformation), and then it is drawn in the more conventional way.) 


Possibility A: Possibility B: 
H 
bl CO,CH; 
f 
H— —-H 
H "d COCH; 
dienophile 2 
diene dienophile 
| СОСН; i 
СОСН; 
. | 4 H;CO,C. ©02CH, 
diene 4 | 
uU CH; 
| dienophile 
СОСН» diene 


dienophile 


diene 


In principle, either combination A or B could serve as the starting materials in a Diels—Alder 
reaction. Recall, however, that dienophiles with ester groups (or other electronegative groups) 
react faster than those without such groups. Hence, the reactants in В would be preferred. 


PROBLEMS 15.11 What products are formed in the Diels-Alder reactions of the following dienes and 


dienophiles? 
(a} Г 
апа 
У D 


é<2 
and H;C-—C 
X 


СОСН; 
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15.12 Give the diene and dienophile that would react in a Diels-Alder reaction to give each of the 
following products. 


(a) eee ib) C 


15.13 (a) What product would be expected from the Diels-Alder reaction of 1,3-butadiene and 
ethylene? 
ib) This product is actually not observed because 1,3-butadiene reacts with itself faster than 
it does with ethylene. In this reaction, one molecule of 1,3-butadiene acts as the diene 
component and the other as the dienophile. Give the product of this reaction. 


15.14. (a) Explain why two constitutional isomers are formed in the following Diels-Alder 
reaction: 


НС 
f 20 *C 


+ a p NN 
CO, CH; 


(8496 of the product) (16% of the product) 
(5496 total ee 
(b) What two constitutional isomers could be formed in the following Diels—Alder reaction? 
H.C CH О„С 


+ | =% 


B. Effect of Diene Conformation on the Diels-Alder Reaction 


Dienes that are “locked” into s-trans conformations are unreactive in Diels-Alder reactions: 


22 


"locked" s-trans dienes; 
unreactive 10 Diels-Alder reactions 


The reason is that if such dienes were to form Diels-Alder products. the s-trans single bond of 
the diene would become a trans double bond in the Diels-Alder product. This means that the 
Diels—Alder product would contain a trans double bond in a six-membered ring. For example. 
consider the following reaction. 


— bridgehead trans 
double bond 


i-trans diene ~ 


15,3 THE DIELS-ALDER REACTION 695 


The product is a bicyclic compound containing a bridgehead double bond. As discussed in 
Sec. 7.6C, the bridgehead double bond (red in the preceding equation) has trans stereochem- 
istry within one of the rings joined at the bridges, and therefore the product violates Bredt's 
rule and is too strained to exist. (For a graphic demonstration. try building a model of the prod- 
uct, but don't break your models.) 

In contrast, dienes locked into s-cis conformations are considerably more reactive than the 
corresponding noneyclic dienes: 


==. 


f, | / N M З, 
ies Puer © 


furan 1,3-cyclopentadiene 1,3-cyclohexadiene 1,2-dimethylenecyclohexane 


all are “locked” s-cis dienes: 
all are reactive in the Diels- Alder reaction 


For example, | ,3-cyclopentadiene, which 1 locked in an s-cis conformation, reacts with typi- 
cal dienophiles hundreds of times more rapidly than 1.3-butadiene, which exists primarily in 
the s-trans conformation. 

These observations are consistent with a transition state in which the diene component of the 
reaction has assumed an s-cis conformation. This transition state is shown in Fig. 15.8 for the 
reaction of 1,3-butadiene and ethylene. In this transition state, the diene and the dienophile ap- 
proach in parallel planes. The 2p orbitals on the dienophile interact with the 2p orbitals on the 
outer carbons of the diene to form the new e bonds. Because 1,3-butadiene prefers the s-trans 
conformation (Fig. 15.1. p. 679), the energy required for it to assume the s-cis conformation in 
the transition state becomes part of the energy barrier for the reaction. In contrast, a diene that 
Is locked by its structure into an s-cis conformation, such as | 3-cyclopentadiene, does not have 
this additional energy barrier to climb before it can react: hence, it reacts more rapidly. 

The importance of the s-cis diene conformation can have some fairly drastic consequences 
for the reactivity of some noncyclic dienes. Thus, the E isomer of 1.3-pentadiene reacts 12,600 


| 


j d 
E d E^ i 
2 @ í dienophile 
i/d 


| i | i , 
overlap о! 2p orbital: И € diu ull " = overlap rit n orbitals 
|o 


to form a new «7 hond LO Torm a new {Т bond 


i ( ' 
| | | 
2) x \ 
ә ©; 
j diene 
-f i 


we - 2 


Figure 15.8 Inthetransition state forthe Diels-Alder reaction, the diene (1,3-butadiene in this example) and the 
dienophile (ethylene in this example) approach in parallel planes (as shown by the green arrows) so that the 2p 
orbitals of the dienophile overlap with the 2p orbitals on carbons 1 and 4 of the diene to form the two new гт 
bonds. The developing overlap is indicated with blue lines. Notice that the diene is in an s-cis conformation. 
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times more rapidly than the Z isomer of the same diene with tetracyanoethyiene (TCNE), a very 
reactive dienophile: 


NC. “М 
CH, CH, | 
NC” OCN 
H^ ^w 277 CH TCNE ati 
= ——————— (15.9a) 
zH wN 
H H 
s-trans conformation s-cis conformation 
L (E)-1,3-pentadiene а] 
reactive with TCNE 
H H 
4 — c ___. repulsion further (15.9b) 
T. 224 m „Н destabilizes the 
| | $-cis con formation 
H H 
s-trans conformation 5-с15 conformation 


|________ (2)-1,3-pentadiene ———————__ 


much less reactive with TONE 


As Eq. 15.9b shows, the s-cis conformation of the cis diene is destabilized by a significant van 
der Waals repulsion between the methyl group and a diene hydrogen. The transition states for 
the Diels—Alder reactions of this diene, which require an s-cis conformation, are destabilized 
by the same effect. Consequently, the Diels—Alder reactions of the cis diene are much slower 
than the corresponding reactions of the trans diene, in which the destabilizing repulsion in its 
s-cis conformation is between hydrogens and is much less severe. 


PROBLEMS 15.15 A mixture of 0.1 mole of (2E.AE)-2.4-hexadiene and 0.1 mole of (2E,42)-2,4-hexadiene 
was allowed to react with 0.1 mole of TCNE. After the reaction, the unreacted diene was 


found to consist of only one of the starting 2,4-hexadiene isomers. Which 1somer did not 
react? Explain. 


15.16 Complete the following Diels—Alder reaction. 


are CN 

+ C=C ———- 
"uen 79 
NC CN 


C. Stereochemistry of the Diels-Alder Reaction 


If the Diels—Alder reaction takes place in a single step without reactive intermediates, and if 
the transition-state picture of Fig. 15.8 is correct, then the diene should undergo a syn-addition 
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to the dienophile. Likewise. the dienophile should undergo а D,4-svi-addition to the diene, 
Each component adds to the other at one face ol the 7 system. 

The stereochemistry of the Diels-Alder reachon is completely consistent with these pre- 
dictions. Howe use a dtenophile that is a cis alkene, groups thal are cis in ihe alkene starting 
material are also eis in the product. 


H COCH, о 
22 К й КТЕ "D LCH; 7] 
T | —————— | Wr ЖЕЛИ 
BN p LEE 
» M _ _ —E—— 
H CONCI. H COLCA, 
à cis ulkene ТЕЧКИ 


Use of the trans omer of this dienophile gives the complementary result 


CH. Hosp 

чуо COGI COMM, A 

TT ү [Mi Toy t | ` | BRI 
t — e wa 
м k . trans 
мы - me 
| Md in 
3 trans alkene ТУШ eieldi 


Although one enantiomer of the product as shown in Eq. 15.10b, the product is the racemate, 
because bath starting materials are achiral (Sec; 7.8/3. 

Sva-addiden to the diene is revealed if the terminal carbons af the diene unit are stereocen- 
ters. To assist in the analysis ot stereochemistry. lets dirst draw the diene in its s-cis conforma 
Gon and then classify the groups at the terminal carbons as inner substituents (Ro) or outer sub- 
“шеп CR: 


" I. 
euer subsit Lets | in" inner substituents ila llai 
C eum 
UH udi кы 7 
cg 


А svn-addition requires that in the Diels-Alder product, the tio inner substituents always 
have a eis relationship: the two outer substituents are also eis: and an inner substituent on one 
carbon is always trans to an outer substituent en the other, 


RU 
EU 
F (iS) db 
m R! 
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The following reactions of the sterevisomeric 2.4-hexadienes with the dienophile гес an- 
hydride demonstrate these points. 


ӨН, O LE H g 
27 `H A TET 
TN о — -i Q (15.12) 
м m 
ЄН, О нс и © 
, maleic 
(2E,AE)-2,4-hexadiene anhydride 
CH, o 
27 MEM 
й ~ || o мш,” (15.12 
~ „С 
H с) 


(2F,47)-2,4-hexadiene 


In Eq. 15.124. the methyl groups in the diene are both outer substituents, and they are cis in 
the product. In Eq. 15.126. one methyl group in the diene is outer and the other is inner; con- 
sequenthy they are trans in the product. 


Notice, incidentally, the different reaction conditions required for reactions of the two dienes in Eqs. 
15. [2a and £5.12b. The latter reaction requires иней more drastic conditions; Why? (Sce Ey. 13.9b.) 


One other stereochemical issue arises in the reactions of Eqs; 15.124-15.12b: the steren- 
chemistry at the ring junction, Because muleic anhydride is a cis alkene. and because the 
Diels-Alder reaction is a sva-addition. we know that the stereochemistry at the ring junction 
must be cis. However, for a given diene and dienophile. two diastereomeric sva-addition prod- 
ucts are possible. The reaction of Eq. 15.12a illustrates this point: 


slereoccnters 


НС H 
See y 2 


2 “H 
i | C) — ж 
м oH 
#^ H 
cH Q С 


| 
sterex enters 


( ar (15,13) 


This issue arises when Ро the terminal carbons of the diene erd the carbons of the dienophile 
are stereocenters, 

Let's classify these two possibilities with a more eeneral equation in which a vis alkene re- 
acts with a diene: 
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R^ R^ R! R^ В: 

= “R e a  R 
t | == OT (15.14) 
NBN CU Ep 3 — 
H R я 
гъ Н FMN R 
Re R° Е R^ К 
endo product exo product 


Following the diagram in Eq. 15.11а, we have drawn the diene in its s-cis conformation and 
have labeled the groups at the terminal carbons as outer or inner substituents. The product in 
which the alkene substituents R are cis to the outer diene substituents R" is said to have endo 
stereochemistry. The product in which the alkene substituents К are trans to the outer diene 
substituents R” is said to have exo stereochemistry. (The terms endo and exo are from Greek 
roots meaning "inside" and "outside," respectively.) 

In many cases, the endo products are formed more rapidly than the exo products, although ex- 
ceptions occur. (A theoretical explanation for this observation exists, but we won't consider that 
here.) [f this is so, which product would be favored in Eg. 15.13? (See Problem 15.19.) 

The preference for endo products extends to cases in which cyclic dienes are used and 
bicyclic products are formed: 


н. „н 
H soe CH, - [1 

| EN OF | 
uter H. й ——— + 5 
outer . KH. + CH PF y (15.15) 

CO. CLE H 
npe. CO;CH; СОСН, 
1,3-cyclopentadiene Bh: m Wo 


Be sure you see the correspondence between Eq. 15.15 and Eq. 15.14. The —CH,— group of 
the diene (red) represents the inner groups R' (tied together in one group as part of the ring); 
the hydrogens in blue are the outer groups R^. You can see from this equation that, in the pre- 
dominant, or endo, product, the —CO.CH, group is cis to R” and trans to К'. 


PROBLEMI 15.17 Give the products formed when each of the following pairs reacts in a Diels—Alder reaction; 
show the relative stereochemistry of the substituent groups where appropriate. In part (b), 
show both exa and endo products and label them. 


(а) OAc 
COCH, oO 
+ Hi—C (— OAc = acetoxy = — O-—C— CH) 
COCH, 
OAc 
(b) CH; (c) 
p C 
b | 
S" ^ 


C 
H^ “ссн, 
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15.18 Give the structures of the starting materials that would yield each of the compounds below in 
Diels-Alder reactions. Pay careful attention to stereochemistry, where appropriate. 
la} OCH, (b) Q 

M „СОСН; 


(c) 


15.19 (a) In the products of Eq. 15.13, the observed stereochemistry at the ring fusion is not specified. 
Show this stereochemistry, assuming that the Diels—Alder reaction gives the endo product. 
(b) Sketch diagrams like the one in Fig. 15.8 (without the oribtals) that shows the approach 
of the diene and dienophile leading to both endo and exo products in part (a). Pay care- 
ful attention to the relative positions of substituent groups. 
15.20 Assuming endo stereochemistry of the product, give the structure of the compound formed 
when 1,3-cyclohexadiene reacts with maleic anhydride. (The structure of maleic anhydride 
is shown in Eq. 15.1 2a.) 


ADDITION OF HYDROGEN HALIDES 
TO CONJUGATED DIENES 


A. 1,2- and 1,4-Additions 


Conjugated dienes. like ordinary alkenes (Sec. 4.7), react with hydrogen halides: however. 
conjugated dienes give two types of addition product: 


CH4CH—CH —CH-—CHCH, + НВг 20°С 


"aad —ЕН— ЕЦ, + Cae Che зууд) (18.16) 


H Br H Dr 
1,2-addition product 1,4-addition product 
(26596) {= 35%) 


The major product is a /,2-addition product. (We'll address why this is the major product in 
Sec. 15.4C.) The term 1,2-addition means that addition (of HBr in this case) occurs at adja- 
cent carbons. The minor product results from 7,4-addition, or conjugate addition. In a 1,4-ad- 
dition, or conjugate addition, addition occurs to carbons that have a 1.4-relationship. (The 
terms 1,2-addition and 1,4-addition have nothing to do with systematic nomenclature.) 

The 1,2-addition reaction is analogous to the reaction of HBr with an ordinary alkene. But 
how can we account for the conjugate-addition product? As in HBr addition to ordinary alkenes. 
the first mechanistic step is protonation of a double bond. Protonation of the diene in Eq. 15.16 
at either of the equivalent carbons 2 or 5 gives a resonance-stabilized carbocation: 
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CH SCH —CH-—CHCH, ж 


H- Br: 


"gm cm " т UPPER 
CRLCH — CH —CH —CHCH; X СПАСИ CII—CHCH, 
| | 
H :Вгі Н : 
S (|^.]7\ 
The resenanee structures for this carbocation show that the positive charge in this ion is not ki- 
culized. but is instead aired by (o dilferent carbons. five constitutional ixemers are farmed 
in Fa, 15. HD because the bromide ion can react at ether af the electron-deficient carbons: 


+ + 
CH.CH, CH — CH —CHCH, я—= СИ — CISC СИС, 


[—— 


GH— СНС 1. CHCH: ~C —GCGHCH; REALI 


«КЕП 


Protenation at carbon-3 would give a different carbocation, whieh would react with bromide 
ion to give an alkyl halide that is different from those obtined experimentally: 


+ 
CHCA + ш а tope — CH .CLI—CH—CH—CHCHL. ж 


in 7 + # ri | 


CHi;CH —CH,—CIM=CHtlH, 
| 
: Вг: 
Ino boreal } TERARI 


The course of addition ta conjugated alkenes is suggested by Hammonds postulate (Sec. 
J.8D3. which predicts that the reaction pathway that mvolves the more stable carbocation og- 
curs more rapidly. Beeause the carbocation m Eq. 15.17 is more stable, it is formed more 
rapidly: therefore. the products derived trom this carbocation are the ones observed. Atthougii 
both possible curhogations are secundars. the curbocatton in Ец. 15.07 18 resemnmance-stahilized. 
but the carbocation in Eq. 13.19 1s nol: 


+ + 
| CH.CH; —CH—CH=CHCH, —— CHCH;— one cn elt, | 


more stable carbecation Fe. 15.025 formed more rapidh 
ОШ | | | 
Hd OH =e ене лб А 
less stable carbocation И. 13.1985 not farmed 


In other words. resonance gecounts for the greater stability of the carboeation ntermediate 
that is formed, 
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In Sec. 1.4, we stated as a fact that resonance is a stabilizing effect. We've seen other ex- 
amples (Eq. 14.3b, p. 653, and Eq. 14.6c, p. 655) in which the resonance stabilization of a car- 
bocation intermediate determines the course of the reaction. Now we're going to consider why 
resonance should be a stabilizing effect. Understanding the connection between resonance and 
stability is the subject of the Sec. 15.4В. 


! EADBLEMS 15.21. Use the reaction mechanism, including the resonance structures of the carbocation interme- 


diates, to predict the products of the following reactions. 
(a) 1,3-butadiene + НС] —* 
ib) S41 solvolysis of 3-chloro-1-methylcyclohexene in ethanol 
15.22 Suggest a mechanism for each of the following reactions that accounts for both products. 
(al 


Cl 


H;O/acetane 


OH OH 


H550, 
(0) CH,CH— CHCH,OH + HBr ——> 
CH,CH — CHCHBr + аери, 


(849%) Вг 


(1696) 


Allylic Carbocations. The Connection between Resonance 
and Stability 


To explore the connection between resonance and stability, we'll use a carbocation similar to 
the one involved in HBr addition to conjugated alkenes (Eq. 15.17). This is an example of an 
allylic carbocation: a carbocation in which the positively charged. electron-deficient carbon 
is adjacent to a double bond. 


general structure of an allylic carbocation 


The word allylic is a generic term applied to any functional group at a carbon adjacent to a 
double bond. 


H —— allylic hydrogen 


tad ] ЮР. 
* rr — Br = allylic bromine pe E M —— allylic carbocation 


Allylic carbocations are more stable than comparably branched nonallylic alkyl carboca- 
tions. Roughly speaking, an allylic carbocation is about as stable as a nonallylic alkyl carboca- 
tion with one additional alkyl branch, Thus, a secondary allylic carbocation is about as stable 
as a tertiary nonallvlic one. To summarize: 
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Stability of carbocations: 


R R 
* x + + \ +/ | 
R—CH, < R—CH—R < R—CH—CH—CH—R = RC < C=CH—C (1520) 
primary secondary secondary tertiary R \ 
alkyl alkyl allylic alkyl R 


tertiary allylic 


The reason for the stability of allylic carbocations lies in their electronic structures, The 7- 
electron structure of the allyl cation, H,C—CH—CH, (the simplest allylic cation), is shown 
in Fig. 15.9. The electron-deficient carbon and the carbons of the double bond are all sp^-hy- 
bridized; each carbon has a 2p orbital (Fig. 15.93). The overlap of these three 2p orbitals results 
in three m molecular orbitals. The MO of lowest energy. m, is bonding with an energy of 
+ 1.416, and it has no nodes. The next MO, m, has the same energy as an isolated 2p orbital 
(08). An MO that has the same energy as an isolated 2p orbital is called a nonbonding MO 
(NBMO). This MO has one node. Because nodes must be placed symmetrically, this node 


-1.418 


2p atomic orbital 


(а) 


energy of the 
ethylene bonding MO 
(+1008) 


T molecular orbitals 


(b) 


Figure 15.9 (a) An orbital interaction diagram that shows the arrangement of 2p orbitals in the allyl cation, the 
simplest allylic carbocation, Notice that the axes of the 2p orbitals are parallel and thus properly aligned for or- 
erlap. (b) Interaction of the three 2p orbitals (dashed lines) gives three т MOs. Nodal planes are shown in gray. The 
two 2p electrons both go into m, the bonding МО. The violet arrows and numbers show the relative energies of 
the MOs in Bunits, and the relative energies of the ethylene bonding MO is shown in red. The absence of electrons 
in m, accounts for the positive charge. The nodal plane in m, cuts through the central carbon; as a result, there is 
no positive charge on this carbon. 
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goes through the central carbon. The position of this node determines the location of the pos- 
itive charge. as ме] see shortly, The MO of highest energy, wy. is antibonding. It has two 
nodes —one between each carbon. 

The alls | vation has two electrons: both reside in m- Each m electron contributes. + E445 
te the energy of the molecule, for a total of. 72.828, The delocalization energy (Sec. ТАЛА) 
of the allyl cation is the difference between this energy and the energies of an isolated ethyl- 
ene (£7 2.005) and an isolated 2p orbital (08). The alls | cation, then. has a delocalization en- 
ergy of 0.8258. Because the source of this stabilization ts the "nodeless at, MO. the stabiliza- 
tion of the ally! cation arises trom the delocalization ol z electrons across the entire molecule. 
This delocalizanon, then. is a source ol additional bonding wn the allyl cation that would not 
he present if the alkene m bond and the carbovation could not interact, 

Here ts the connection between molecular stability and resonance: AResemenee strictures 
provide a device to sow efectron delocalization with Lewis strnetires. For example, the ally] 
cation has Wo equivalent resonance structures. 


= 


\ V vd o/ we o] ы Е 
(set. 7€ -—— { — i =i or b Boc exo p 
Fi Mel ou - d ` 
ч f p 
an allyl carbocation hvbrid structure 


The two structures show the sharing of 7-electron density and charge—in other words. elec- 
tron delocalization. The hybrid structure shows the same delocalization with dashed bonds 


ап partial charges. In summary. the logic of resonance stabilization is as Follows: 


1. Resonance structures symbolize electron delocalization, 

2, Electron delocalization is stabilizing because it results in additional bonding wssoctated 
with the formation of low-energy bonding МО. 

3. Resonance, therefore, is à stabilizing ел, 


Because resonance deseribes electron delocalization, delocalization energy (Sec. ТА ТВА the 
energetic advantage of electron delocalization, is abs referred to as resonance energy, In Sec. 
|. we learned that resenance-stabilized molecules are more stable than any of their fictional 
contributors. The resonance energy is а quantitative measure of this additional stability, 

One other important aspeet of resonance structures emerges from a consideration of the 
positive-charge distribution in the allyl cation. Notice in the resonance structures thal, al- 
though the z electrons are delocalized across the entire molecule. the positive charge resides 
on only two of the three carbons: there i no positive charge on the central carbon of an afixite 
cation. This charge distribution is consistent with the molecular orbital description of the 
cation, shown in Fig. 15.96, The charge is due to the absence of a third 7 electron. Ha third т 
electron were present, i would occupy the МВМО m. Thus, the pieture of m desertbes the 
distribution of the “missing electron” —the positive charge. Because sz. hits à node on the cen- 
tral carbon. this carbon bears no charge. This charge distribution is shown graphically in the 
EPM of the allvl cation, which is calculated from MO theors. Notice that the terminal carbons 
have more positive charge (five) than the central carbon (red: 


X — sites positive charge 


EPM of the allyl слот 
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Resonance structures are useful because they give us the qualitative results of MO theory 
without any calculations! 


P : : 
| КОБЕ 15.23 (a) The allyl amon has ап unshared electron pair on the allylic carbon: 


H,C—CH—CH, 
allyl anion 


This anion has two more т electrons than the ally] cation. Use the molecular orbital di- 
agram in Fig. 15.9b to decide which molecular orbital these "extra electrons" occupy. 
(b) According to the molecular orbital description, which carbons of the ally] anion bear the 
negative charge? 
(c) Show that the same conclusion can be reached by drawing resonance structures of the 
allyl anion. Use the curved-arrow notation. 


с. Kinetic and Thermodynamic Control 


Naively, we might expect that when а reaction can give products that differ in stability. the 
more stable product should be formed in greater amount. However, this ts often not the case. 
Consider. for example. the addition of hydrogen halides to conjugated dienes. When a conju- 
gated diene reacts with a hydrogen halide to give a mixture of 1.2- and 1,4-addition products, 
the 1,2-addition product predominates at low temperature: 


H,C=CH—CH=CH, + HC) — > 


" 
H:C—CH— CH=CH, + HC СН СН СН, —4 1 (15.22) 
1,2-addition product 1,4-addition product 
175-8090} (20-25%) 


(See Eq. 15.16, p. 700, for another example.) We learned in Sec. 4.5B that alkenes with inter- 
nal double bonds are more stable than their isomers with terminal double bonds, because the 
internal double bonds have more alkyl branches. Hence, in Eq. 15.22, rhe major product is the 
less stable one. This can be demonstrated experimentally by bringing the two alkyl halide 
products to equilibrium with heat and Lewis acids: 
heat, FeCl; 
— Pues MN ER = HNC—CL—H—CMW.—Cl| (12525) 


major product at equilibrium 


C] 


minor product at equilibrium 


Because the more stable isomer always predominates in an equilibrium (Sec. 3.5). the result 
in Eq. 15.23 shows that the |.4-addition product 1s more stable than the 1.2-addition product. 
as expected. 

When the less stable product of a reaction is the major product, then two things must be 
true. First, the less stable product musi form more rapidlv than the other products. Recall from 
Sec. 4.8 that a reaction in which two products form from the same starting material is in real- 
Ity two competing reactions. Consequently, the reaction that forms the less stable product is 
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Faster. Second. the products suet nor come fo equilibrium under the reaction conditions, be- 
cause otherwise che more stable compound would be present in farger amount. Thus. in the ad- 
dition of HCI to conjugated dienes. the predominance of the less stable product (Fy. 15.22) 
shows that 1.2-addition, which gives the less stable product, is faster than 1, 4-addition: 


H.C—CH—CH-—CH. - НО 
== == 


| ,2-addition | | 4 diti 


(faster reaction | (slower ri 


Y ү 
H: — CH —CH —CH: НС CH=CH —CH;-—Cl BRIT 


| ITI! stable product 
CI 


less stable product 


When the products of a reaction do not came to equilibrium under the reaction condilions, 
the reaction is said to be kinetically controlled. [n a kinetically controlled reaction, the rela- 
пке proportions of products are controlled solely by the relative rates at which they are 
formed. Thus. the addition of hydrogen halides to conjugated dienes ts a kinetically controlled 
reaction. On the other hand, if the products of a reaction come to equilibrium under the reac- 
tian conditions, the reaction is said t0 be thermodynamically controlled. 

It is possible that a given kinetically controlled reaction might give about the sume distrib- 
ution ef products as would be obtained if the products were allowed to come to equilibrium. 
However, itis eapossiile fora thermodsnamically controlled reaction to give a product distri- 
bution other than the equilibrium distribution. Hence, when we obtain a product distribulion 
that is clearly different from that obtained at equilibrium (as occurs im the addition of HC] to 
conjugated dienes), we know immediately that the reaction must be kinetically controlled. 


An Analogy for Kinetic Control 


Imagine a very disoriented steer stumbling randomly around a pasture with a shallow watering hole 
and a deep well with a high fence around it. Where is he likely to end up? Certainly the deep well is 
the state of lowest potential energy. However, because of the fence around the well, іт is simply tess 
likely that the animal will fall into the well; he is much more likely to wander into the watering hole. 
Now, if you imagine a large herd of similarly disoriented steers staggering around the same (very 
large) pasture, you should get a reasonably good image of kinetic control. Most of the animals wan- 
der into the watering hole, even though this is not the state of lowest potential energy. 

Likewise with molecules: It is possible for the formation of a more stabie product to have a 
greater standard free energy of activation (a greater energy barrier} than the formation of a less 
stable product. In such a case, the less stable product forms more rapidly and in greater amount, 


In hydrogen halide addition to a conjugated diene, the first and rate-limiting step in the Гот- 
mation of both |.2- and 1.4-addition products is the same— protonation of the double bond. 
Consequently, the product distribution must be determined by the relative rates of the predict- 
determining steps (Scc. 9.6B y: the nucleophilic reaction of the halide ion at one or the other of 
the electron-deReient carbons of the ПУПС carbocation intermediate. 
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HC=CH—CH=CH; 4 HCl: 


rate-limiting step 


+ + 
D -— > Hc— ceci Cu. 


тт — 
* “fa 
LAM а 
an 


faster reaction product-determining steps slower reaction 


y Y 
H4iC—CH-—CH-—CH; HC —CHAESCH GH- Cl: (15.25) 


more stable product 
minor product 


Cl - 


less stable product 
(major product) 


Why ts the 1,2-addilion product formed more rapidly? The diene reacts with undissociared 
HCl: consequentiy, the carbovation and its chloride countenen, when first formed, exist as an 
im pair (Pig, 8.2. p. 344). That is, the chloride ion and the carbocation are closely associated. 
Fhe chloride ton simply finds itself closer to the positively charged carhon adjacent to the site 
of protonation than to the other. Addition is completed, therefore, at the nearer site of positive 
charge, viving the |.2-addition product. 


— 


HxC=CH— CH=CH, э НН СНС, ч —- нс—сн==сн—©Н, | 


К p ^ р | 


Lx MCI аы [= 
closer farther 
i | 
H= CHCH „шаша (15.261 
‚СЇ: АЛ: 
(mostly! (little) 


(The very elegant experiment that suggested this explanation is described in Problem 15.56.) 

The reason for kinetic control varies from reaction to reaction. Whatever the reason, the rel- 
ative amounts of products in a kinetically controlled reaction are determined by the relative 
free energies of the transition states for each of the product-determining steps and noi by the 
relative free energies of the products. 


PROBLEM i : 

PROBLEM | 15.24 Suggest structures for the two constitutional isomers formed when 1,3-butadiene reacts with 
one equivalent of Br,. (Ignore any stereochemical issues.) Which of these products would 
predominate if the two were brought to equilibrium? 
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DIENE POLYMERS 


].3- Butadiene is one of the most important raw materials of the svntbetie rubber industry; «hich 
includes the production of automobile tires; The annual global demand for 1.3-hbutadjene ts 
about 20 Billion pounds. 

1.3-Buladiene can he polymerized to give polybutadiene, 


--cH,—tCH = Cli — CH H 


polybutadiene 
conbains both cis and trans double bonds. 


Poh butadiene is referred to as a diene polviner because it comes from the polymerization of 
adiene monomer. (Recall from See. 5.7 that a imenmemer is Ihe simple compound from which 
4 polymer is derived.) Polyhutadiene has onb one double bond per unit because one double 
bond is lost through the addition that tikes place in the polymerization process, 

The free-radical polymerization of dienes starts with the addition of an mitigating radical Е 
in the following equations? io the. L3-diene unit. [n the resulting radical. the unpaired electron 


is deiocalized by resonance: 
en pog x 
R^^/u,.CERCH —CH— CH, —» 
[R—CH,— CH—CH-CH. а R—CH. -CH—CH—CH;] 27а 


Addition of this radical to another molecule of butadiene, and repetition of this process man 
times. yields the tinal polymer: 


a PCR MN NE d 
R—CH,—CH2cH— CH. VH. CCHMCHSLCH.. а 


R—CH.—CH—CH— CH,—CH.—CH —CH—CH,. EE 


ires 


—-ClI:—Cti—CH—CH. 1 BREVE 


Г] 


(dob addition polymer 


Although the preceding product is shown as the result of 1.43-addition. a small amount of 1,2- 
addition eun occur as well. 

|, 3-Butadiene can also be polymerized along with styrene (PRCH CH o, usually in about 
a X ratio. to vive another {уре of symhetie rubber called stvrene- hiediene rubber SBR). 
most o£ which is used far tires and tread rubber. 


—r-UCH.—CH-—CllI—CHs—CH,;. -CH CH —CH-—CGH5— t. кыйа EL p: 


-—— three hutadiene units ———————--———— Ph 


styrene-butadiene rubber (SBR) m pen 
(This structure is oversimplified. because both 1.2- and 1,2-udditions to butadiene take place. 
both eis and trans double bonds ure present. and the order of addition of the butadiene and 
syrene units is random.) SBR is un example of a copoly mer: a polymer produced by the si- 
multaneous polymerization. of two or morc monomers, The annual global demand. tor 
styrene-hutadiene copolymers is about 7.5 billion pounds. 
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Natural rubber is (CZ poly isoprene. another diene poly mer: 


LC CII. 


Р 
| 


Hi H 


( Zi-polyisoprene i natural rubber! 


Although it as conceptualis a diene polymer. natural rubber is not. made in nature. from 
iNoprene, (Phe. biosynthesis of. naturally occurring isoprene derivatives is discussed. in 
sec. 17.6B.) Rubber hydrocarbon t polyisaprene: is obtained as à 40656 aqueous emulsion [rom 
the rubber tree. After isolation. the polymer is subjected to a process culled тарсе. In 
this process, discovered in 1840 by Charles Goodyear 100 1860). the rubber is kneaded and 
heated with sulfur. The sulfur forms crosslinks between the polymer chains. «hich can be rep- 
resented schematically as follows: 


a лтты, 


i rosslink — те а — Му ч, Da uuu, TT А, 


| 


Piu eu Ta Ta Ta Ta Ta Ta Ta Sa i ee i IA | татат Pia PP Ta Ta Wa Ta Ta Pa Na Ta Ta Ta Ea Ра Ta Fin PR RR ч 
rubber chain 


| | | 


илз. ылы A АЛАЛ ААА a a Ta Ta тат ITA у 


The crosslinks increase the rigidity and strength ot the rubber at the cost of some ilexibiliiy. Al- 
though polvisoprene ean be made synthetically, the natural material is generally preferred for 
economie reasons; Chemists and botanists are investigating the possibility of cultivating other 
hy drocarbon-producing plants that could become hydrocarbon sources of the Гите, 


PROBLEMS е , ы д : : 
PROBLEMS | 15.25 Write a mechanism Гог the free-radical copolymerization of 1,3-butadiene and styrene to 


give styrene -butadiene rubber, 
15.26 What would be the structure of polybutadiene if every other unit of the polymer resulted 
from 1.2-addition? 


2 


15.6 RESONANCE 


Ку OC ——Á 


Recall from See. [4 that resonance structures are used to deseribe à molecule when a single 
Lewis structure ts inadequate. Molecules that can be represented as resonance hybrids are said 
lo be resemuice-stabilized—1ilhat is, they are more stable than any one of their contributing 
structures. The reason for thts additional stability 15 the additional bonding that results from 
the delocalization of electrons within low-energy bonding MOS (Sec. 13 40). Resonance 
Structures can be derived by the curved-arrow notation (See. SABH 

The derivation and use of resonance structures is important for understanding both 
Hefectfar мастите und melecular. stabilitv. Because some reactive intermediates (for 
example, some carhocalions) are. resonunce-stabilized. you will also find that. resonance 
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arguments can he important in analyzing reactivity, This seclton examines resonance in more 
detail by reviewing the concepts of resonance and the techniques for drawing resonance struc- 
tures. You'll leam to assess whether a resonance structure Is significant enough to be consid- 
ered seriously as an important contributor to a molecular structure. You ll also learn how res- 
onance structures can De used to make deductions about molecular stability and, hinally. 
Chemical reactivity. 


Drawing Resonance Structures 


Resonance structures show he defecafizatien of electrons. Resonance structures van be drawn 
when bonds, unshared electron pairs, or single electrons can be delocalized (moved) by the 
curved-arrow: notation вон meving env atoms, Resonance structures are usually placed 
within brackets to emphasize the Fact that they are being used to describe a sinele spectes. The 
following are all valid examples of resonanee structures: 


E + 
Н шл: ч H.C—CH CH; | delocalization af a bond usme (15.2821 


the electron-pairr curved-arrow 


notation 
i [з | | — 
[ HCH О: ч» CH, — UH = 0: | delocalization of a bond and (15.28b) 
an uüshared electron pair 
e 
[HECH CH > CH,— CH-—CI; | delocalization of a single i1 5.281 


electron and a bond hy the 
fishhook notation (Sec, 5.687 


As these examples illustrate, some of the most common situations in which resonance struc- 
lures are used mmolve the interaction of double or triple bonds with electron-dehcrent atoms, 
unshared electron pairs. or unpaired electrons. Notice also im these examples that the delocal- 
i/altion. of electrons hy resonance сап also result in. tho. delocalization of charge (Eqs. 
1S.28a—b)} or the delocalization of an unpaired electron (Ey. 15.28с1. Remember. though. that 
the delocalization ef electrons is the primary issue in resonance: the delocalization of a charge 
or an unpaired electron is a consequence of electron delocalization. 

The following structures. although reasonable Lewis structures. are ло} resonance strut- 
tures, hecause the movement of an atom takes place; the location of the chlorine ts different in 
the two structures: 


н.с-“сн=сн—сн, L> нс=сн—сн—сн, (15.29) 
"A Шш | 
Cl CI 


[n tact, these are separate compounds: 


H.C—CH-—CH—CH; ж” H.C—CH—CH—UI, (15.30 


ct C] 


[f two structures сап exist as dilferent compounds. they cannot be resonance structures, 
Resonance structures, n contrast, are used to describe a sigle molecule: the molecule 15 an av- 
erage of its resonance structures, That is. resonance contributors are {кон strucetitres Used to 
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help us understand the structures of real melecules for which single Lewis structures are inad- 
equale. Thus, the equilibrium double arrows z— and the resonance double-headed arrow 
-—» have quite different meanings. tou ait be eareful uot to use one symbol in a situation 
Ur witéefi the other £s appropróute, 


Relative Importance of Resonance Structures 


In many cases. not all resonance structures are of equal importance: that is. the structure of a 
molecule is most closely approximated by its most mportànt resonance structures. This see- 
tion shows how to assess the relative importance of resonance structures, 

To evaluate the relative importance of resonance structures, compare the stabilities of all of 
the resonance structures for a given molecule as if each structure were à separate molecule. 
That is; even though each structure ts fictitious, гате that each structure is real. Then use 
the relatixe stabilities of the different structures to determine their relative importance. The 
mest stable structures are the mest important ones; The following guidelines for evaluating 
resonance structures emerge from this type of analysis: 


|. елсе structures are equally importat descriptions of a molecule. 
Example: 


+ + 
[нб сносна ПСН] ТЕ 


all«I cation 


Because these structures of the ally] carbocation are indistinguishable, they are equally impor- 
tant in describing this species. 


2. Seraetures that have complete octets en each atem are more important than those that 
dei not, 


Example; 


4 
(е^ зн -«——»- HEC=0—H ] (15.32) 


mare important because 
cach atom has à complete octet 


It might seem that placing a positive charge on oxvgen should be avoided because oxygen is 
an electronegative atom. However, the octet rule is so important that a positively charged oxy- 
gen (or other electronegative atom) is perteetlv acceptable if 1t has a complete octet. 


3. Srrictures that place positive charge on more eleciropositive tor less electronegative | 
инилик are nore Qupertant than structures that place positive charge en more elec- 
trouegatve atoms, Structures tiat place negative charge en mere electronegative atem 
are more important than those that place negative charge on more electropositive for 
less electienegative) ЧОХ. 

In Fa. 15.32. the structure on the left. although not as important as the one on the right, has 
some significance because the positive charge is on the less electronegative atom. Application 
ol guideline 3 15 also illustrated in Eqs. 15.334 and 15.33h: 


#12 


Жак Q 
A MESES = A A 0 Рта: 
ozone 07 DX к —M» uat TE xx ion ^0: 


CHAPTER 15 * DIENES, RESONANCE, AMD AROMATICITY 


+ aa "n + 
| (CHiN CH ОСИ, «—9 (СХ СН = ОСН, 


more important because 
positive are T uH] the 
less electronegatise atom 


HCC «— H.C—C H 


mere important because 
negative charge is on the 
more electronegative atom 


ЕККЕН 


LE Ab) 


As vou appli eurdelines 2 and 3. be aware of the difference between positis еіу charged. 


electronegative atoms (such as nitrogen, oxygen, and the halosens) iat have complete octets. 
as they do in Eq. 15,32 and [5.33à, and positively charged. efectrni-deficteur. electronegative 


atoms, Whteh do sot have complete octets; The datter are to he avoided if at all possible. For 
example. the structure en the night for ozone is unimportant because the роне charged 


OX gen Is electron-«deficient. 


^ t a EX T | 


klenitical structures 
bath are important 
all atoms hase octets 


this structure is unimportant 
because it has an 


electron-deficient, 
electronegative atom 


йм 


4. FE he orbital overlap svinbolized Бу a Vesonamce structure is nprossihle, e resonance 


МИСС is портр нї, 


Example: 


P A 
| F3 
| | 
~ em rns 
f D rn 15.34) 
een 
\ H 
uniniportant 
а Дш гган 
impossible! " 
Remember thal resonance structures are a simple way of portraying the delocalization of electrons 


that results trom orbital overlap, H a structure is constrained so that such orbital overlap is imipos- 
sible. the resonanee structure is invalid, This ts the case with the ion in ky. 15.34. Structure В ean- 
not he a valid contributor because the orbital containing the unshared electron pair bes at à right 
angle to the 2p orbital ef the carbocation and therefore cannot overlap with it. This can be seen 


from a view of the molecule along the bond between the С and the №: 
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perpendicular orbitals 
cannot interact and overlap. 


Only an energetically costly distortion of the ion would permit overlap of the two orbitals: but 
resonance structures cannot involve atomic motion. (Another argument against structure В 15 
that it violates Bredt's rule; Sec. 7.6C.) However, in an ion containing the same functional 
groups in which such orbital overlap is possible. a similar resonance structure is important. 
T | чї : 
\ Т =ч = Б ^ 4 
(CH,);N—CHCH; EH (CH: hA —CHCH; {15.35} 
an important 


resonance structure 


In this example, the ion can easily adopt a conformation in which the nitrogen orbital contain- 
ing the unshared electron pair is coplanar with the 2p orhitals of the carbocation. 


2p orbitals are aligned for overlap 


Guideline 4 means that it 1s not enough to derive a resonance structure correctly with the 
curved-arrow notation. We must also keep in mind the meaning of the structure in terms of the 
orbital overlap involved. 

Resonance has implications for molecular geometry. The resonance structure on the left 
side of Eq. 15.35 suggests that nitrogen should have tetrahedral geometry and that its unshared 
pair should occupy an sp? orbital. The resonance structure on the right. however, implies that 
the nitrogen should have trigonal planar geometry and эр” hybridization, and that its unshared 
pair should occupy a 2p orbital. A 2p orbital on nitrogen can interact more effectively with the 
2p orbital of the carbocation than an хр" orbital would because it has the same shape, size, and 
orientation. Because this interaction is a stabilizing effect, anything that enhances the interac- 
tion. such as the sp^ hybridization of nitrogen. also stabilizes the molecule. Thus. the second 
structure in Eg. 15.35 15 a more accurate description of the ion (a conclusion also reached from 
guideline 2 on p. 711). and, as the above structure of the топ shows, the unshared pair occu- 
pies a 2p orbital. Note also that the molecule doesn't “oscillate” between sp -hybridized nitro- 
gen and sp ^-hybridized nitrogen. If it did, atomic motion such as changing bond lengths and 
angles would be involved and these structures would then not be resonance structures. Be- 
cause these are resonance structures, they represent one molecule that has an sp^-hybridized 
nitrogen, 
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C. Use of Resonance Structures 


Although, as we've seen, resonance does have a basis in quantum theory, organic chemists 
generally use resonance arguments in a qualitative way to compare the stabilities of mole- 
cules. To make this comparison, the following principle is apphed: АН other things being 
equal, the molecule with the greater number of important resonance structures is more stable. 
The qualifier "all other things being equal" means that the other aspects of the molecules that 
affect their stabilities should be about the same. 

A comparison of the stabilities of the following two carbocations illustrates the use of res- 
onance arguments. (These two carbocations were compared in the addition of HBr in Eqs. 
15.17-15.19.) Both carbocations are secondary. and in fact they are isomeric. The two carbo- 
cations differ in the number of resonance structures that can be written for each. The more sta- 
ble carbocation has two resonance structures, The other carbocation has only one Lewis struc- 
ture and is less stable. 


^ - 3e 
[CH,;CH,CH—CH=CH—CH, -——» CH,CH;CH=CH—CH—CH,] "ere stable 


carbocation 


+ 


CH=CH—CH,  lessstable carbocation 

Applying this principle broadens the meaning of the term resonance stabilization. Reso- 
nance-stabilized molecules are not only more stable than their individual contributing struc- 
tures, they are also more stable than other isomeric molecules that have only one Lewis con- 
tributor (other things being equal). 

The reason that the number of resonance structures is related to the stability of a molecule 
follows from the electronic basis of resonance itself. Molecules with many resonance structures 
have extensive electron delocalization and additional bonding that result from the overlap of or- 
bitals. (In molecular orbital terms. a number of bonding molecular orbitals of low energy are 
formed and occupied by the 7 electrons.) This additional bonding is a stabilizing effect. 


Study Problem 15.2 


Which of the following carbocations is more stable? 


| :OCH; 
um | u+ 4 
CH,Ü—CH-—CH--CH; or H,C=C—CH, 
A B 


Solution The solution to this problem involves determining which carbocation has the greater 
number of important resonance structures. Carbocation A has the following important resonance 
structures: 


Wa * " 
| cu.0—cu-com- tu, «— CH,O--CH—cH—cH, <» CH9—cH—cu—cu, | 


Carhocation B has only two reasonable structures. In particular, the charge can Бе delocalized 
onto the oxygen in ion A but not in ion В: 


:OCH; :iOCH; 
+ + 
HCC CH, I H;C—C-—CH; 


Thus, ion А is more stable because it has the larger number of important resonance structures. 
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Resonance structures can in some cases be used to predict reactivity. Recall that 
Hammond's postulate provides the connection between transition-state stability and the stabil- 
ity of actual chemical species. When asked to predict reactivity, do the following: 


1. For each reaction. identify the reactive intermediate that is structurally similar to the 
rate-limiting transition state. 

2. Use what you know about relative stabilities to predict reactivity. Reactions that involve 
more stable reactive intermediates are faster. Use resonance arguments, if appropriate, 
in your reasoning about relative stability, 


This process was first introduced in Sec. 4.8C and should be reviewed again. Study Problem 
15.3 introduces resonance arguments into this process. 


Study Problem 15.3 | 
— Predict the relative reactivity of the following two compounds in an S41 solvolysis reaction. 


CH4OCH;CH;CI CH4CH;OCH;CI 


I-chloro-2-methoxyethane ^ (chloromethoxy)ethane 
A B 


Solution Because the question asks about an 5,1 reaction, the rate-limiting step is ionization of 
the alkyl halide, and the relevant reactive intermediate is a carbocation. The carbocation formed 
from A is a primary carbocation: 


„а + һа 
cu ocu cu, Сё: —— QCH;OCH;CH, Cl: (15,36) 
А 


This cation has no resonance structures and is destabilized by the polar effect of the oxygen. The 
carbocation formed from B is also a primary carbocation, but it has an important resonance 
structure: 


T К ^1 + + = : 
ci, ca oca, Li ——. ncn gts, -——- єн,сн,$=сн, C7 (15.37) 
H 


From this analysis, we deduce that the carbocation derived from B is more stable than the one 
derived from A. Invoking Hammond's postnlate, we deduce that the transition states for the two 
Syl solvolysis reactions resemble the carbocations, and we thus conclude that the transition state 
for the S,1 solvolysis of B has a lower energy than the transition state for solvolysis of A. Hence, 
the reaction of B is faster. 


Remember that the rate of a reaction is related to the difference in standard free energies of the 
transition state and the starting materials. Hence, in our analysis, we are assuming that the en- 
ergy differences between A and В are much less important than the energy differences between 
the carbocations. This assumption is usually justified because the energy differences associated 
with the presence and absence of resonance structures are much greater than the energy differ- 
ences between molecules of closely related structure. 


How good is our prediction? Experimentally, it is found that B reacts 5 X 10° (5 billion) times 
faster than A in 36% aqueous dioxane at 100 °C. (In fact. the very slow reaction of A probably 
occurs by the S,2 mechanism rather than the Syl mechanism; this means that the S,1 reaction of 
A is even slower!) As you can see, the use of resonance arguments correctly predicts the relative 
order of reactivities in this solvolysis reaction. 
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BLEMS . | 
ышы 15.27 Ineach of the following sets, show by the curved-arrow or fishhook notation how each reso- 
nance structure 15 derived from the other one, and indicate which structure 1s more important 
and why. 
| - = + | A = 
асб <—> :c=0] © [nc—ét=ÄH <—> H,c—c=NuH | 


carbon monoxide 


+ = | 
с) |(CH).c — cH — CH, «— —» (CH,),C —CH=CH | 


(d) 
| Jj -—- | 
С N: aN + 
| | 
CH, CH; 


15.28 Show the 2p orbitals, and indicate the orbital overlap symbolized by the resonance structures 
for the carbocation in Eq. 15.32 on p. 711. 


15.29 Using resonance arguments, state which ion or radical within each set is more stable. Explain. 
FN | Gs 10:7 


| | 
H;C—CH—CH=CH, or H;C—C=CH—CH; 


H,C=CH—CH=CH—CH, ог H,C—C—CH=CH; 
(c) CH; 

* + 
H,C—C—CH, or H,C—CH=CH—CH, 


-15.30 The following isomers do not differ greatly in stability. Predict which one should react more 
rapidly in an S,I solvolysis reaction in aqueous acetone. Explain. 


H CH, H CH,CH; 
d ees 
| EN y TS 
носни H Hut H 
Cl Ci 
A B 


The term aromatic, as we'll come to understand it in this section, is a precisely defined struc- 
tural verm that applies to cyclic conjugated molecules that meet certain criteria. Benzene and 
its derivatives are the best known examples of aromatic compounds. 


or 


benzene 
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The origin of the term eromaotic is historical: many fragrant compounds known from earliest 
times, such as the following ones, proved to be derivatives of benzene. 


O 
CH—O C OCH, CH, 
CH 1 i. “=. 
“7 E D Н. C.H A 
| SS ES 20 
OCH, 
OH methyl salicylate CH saffrole 
exul ol winbergreen | ila enm ^ CH, Lob of sassadras | 
vanillin | С 
уала! p-cymene 


cumin and theme! 


Although itis known todas that benzene derivatives are not distinguished by unique odors, the 
Lerm arematic-—whieh has nothin to do with odor—has suck. and itis now а elass name for 
benzene, Its derivatives. and а number of other organic compounds. 


Development of the theory of aromatiells was a major theoretical advance In organic chem- 
istry hecause n solved à number of intriguime problems that centered on the structure and reac- 
vis of benzene. Before considering this theory, lets sce what some of these problems were. 


Benzene, a Puzzling "Alkene" 


The structure used today for benzene was proposed in 1865 by August Kekulé ip. 47) who 
claimed later that it came to him in асат, The Kekulé structure portrays benzene as a сусе. 
conjugated triene. Yet benzene docs not undergo ans of the addition reactions that are associ- 
ated with either conjugated dienes or ordinary alkenes. Benzene itself, as well as benzene rings 
m other compounds, are inert to the usual conditions of halogen addition, hydroboration. hydra- 
Lion, orozonolysis. This property of the benzene ring is illustrated by the addition of bromine to 
styrene, a compound that contains both a benzene ring and one additional double bond: 


CH=CH; - Br; эн CH —CH; ТЕК 
U | | "x | 


lir lir 
styrene 


The nones clie double bond im styrene rapidly adds bromine, but the benzene ring remains un- 
alfected. even if excess bromine is used. Fii Jack of alkenelike reactivity defined the unique- 
ness af benzene and its derivatives to carly Сењ, 

Does benvene’s kwh of reactivity have something to do with tts eyclic structure? Cveto- 
hexene, however. adds bromine readily. Perhaps, then. His the exclie structure and the con- 
jugated double bonds that together account tor the unusual behavier of benzene. However, 
1.3.5, 7-evclooctatetraene (abbres lated in this text as COT) adds bromine smoothly even al 
low temperature. 


| | + Вг. | 15.39 


х 


1,3,5,7-cyclooctatetraene 100% yield? 
(COT! | 
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Thus. the Kekulé structure clearly had difticulties that could not he easily explained away, bul 
there Were some ingenious attempts, [n 1869. Albert Ladenburg proposed a structure for ben- 
zene, called both Ledenburg benzene and prismatic. that seemed to overcome these objections, 


Ladenburg benzene 
or prismanc 


Although Ladenburg benzene is recognized today as a highly strained molecule Gt has been 
deserihed as а "eaged tiger”), an attractive feature of this structure to. nineteenth-century 
chemists was its lack of double bands. 

Several facts. however, ultimately led to the adoption of the Kekulé structure. One of the 
most compelling arguments was that all efforts to prepare the alkene 1.3,5-eyclohexatriene 
using standard alkene syntheses led to benzene. The argument was. then. that benzene and 
1.3. 5-cvclohexatriene must be one and the same compound. The reactions used in these routes 
received. additional credibility because they were also used to prepare СОТ, which. as Eq. 
15,39 illustrates. has the reactivity of an ordinary alkene. 

Although the Ladenburg benzene structure had been discarded for all practical purposes 
decades earlier. its final refutation came in 1973 with Hs synthesis by Professor Thomas J. 
Katz and his colleagues at Columbia University. These chemists found that Ladenburg ben- 
zeng is an explosive liquid with properties that are quite different trom those of benzene. 

How. then. can the Кекше "evelie triene” structure Tor benzene be reconciled with the fact 
that benzene is inert to the usual reactions of alkenes? The answer to this question will occupy 
our attention in the next three parts of this section. 


B. Structure of Benzene 


The structure of benzene is given in Fig. 15. 10а. This structure shows that benzene has ene type 
of carbon-carbon bond with a bond length (1.395 A} that is the average the lengths of sp-a 
single bonds [1.46 A) and double bonds (1.33 A, Fig. 15.100). All atoms in the benzene mole- 
cule lie in опе plane. The Кекше structure for benzene shows nie types of carbon-carbon bond: 
{single bonds and double honds. This inadequacy of the Kekulé structure сап be remedied, how- 
ever, Бу depicting benzene as the hybrid of two equaliv contributing resonance structures: 


1,33 д 
= E, 
ECL ^ 
" jl (15.401 
I tf 
|.46 A 
Кекин strugure reana e hybrid 


Benzene is an average of these two structures: It is one compound with ore wpe of 
carbon-carbon bond that is neither à single bond nor а double hond. but something in he- 
tween. A benzene ring is often represented with ether of the following hybrid structures, 
which show the “smearing out" of double-hond character: 


hybrid structures or benzene 


4 


Further Exploration 15.2 
The z Molecular 
Orbitals of Benzene 
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H Н г 
| i | e 
ы. ox g C. ФР Ü at z 
SGA ANN 
H H 
1,3-butadiene 
benzene (b) 
(а) 
H, 9 

C—C Ё 


C. 1265° vc ; "X 
EUN A CB ә ә 


1,3,5,7-cyclooctatetraene (COT) ball-and-stick model of COT 
(c) (d) 


Figure 15.10 Comparison of the structures of benzene, 1,3-butadiene, and COT. (а) The structure of benzene. 
(“Double bonds" are not shown.) (b) The structure of 1,3-butadiene, a conjugated diene. (c) Structure of 1,3,5,7- 
cyclooctatetraene (COT). (d) A ball-and-stick model of COT. The carbon skeleton of benzene is a planar hexagon 
and all of the carbon-carbon bonds are equivalent with a bond length that is the average of the lengths of car- 
bon-carbon single and double bonds in COT. In cantrast, COT has distinct single and double bonds with lengths 
that are almost the same as those in 1,3-butadiene, and COT is tub-shaped rather than planar. 


As with other resonance-stabilized molecules, we'll continue to represent benzene as one of 
Its resonance contributors because the curved-arrow notation and electronic bookkeeping de- 
vices are easier to apply to structures with fixed bonds. 

It is interesting to compare the structures of benzene and 1.3.5.7-cyclooctatetraene (COT) 
in view of their greatly different chemical reactivities (Eqs. 15.38 and 15,39). Their structures 
are remarkably different (Fig. 15.10). First, although benzene has a single type of carbon-car- 
bon bond, COT has alternating single and double bonds. which have almost the same lengths 
as the single and double bonds in 1,3-butacuene. Second, COT is not planar like benzene, but 
instead is tub-shaped. ЖА 

The т honds of benzene and COT are also different (Fig. 15.11, p. 720). The Кекше struc- 
tures for benzene suggest that each carbon atom should be trigonal. and therefore sp^-hy- 
bridized. This means each carbon atom has a 2p orbital (Fig. 15.11a). Because the benzene 
molecule is planar, and the axes of all six 2p orbitals of benzene are parallel, these 2p orbitals 
can overlap to form six r molecular orbitals. The bonding 7 molecular orbital of lowest en- 
ergy is shown in Fig. 15.1 1h. (The other five 7 molecular orbitals of benzene are shown in 
Further Exploration 15.2 in the Study Guide.) This molecular orbital shows that 7-electron 
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angle between the 2p orbitals” | 1 
prevents overlap across 


the single bunds 


- Ll 
fa} (b) 
orbital overlap forms 
localized a bo (| 
> 


orbital overlap forms 
a localized 7 bond 


(с) (d) 


Figure 15.11 Comparison of the т bonds in benzene and 1,3,5,7-cyclooctatetraene (СОТ). (a) The carbon 2p or- 
bitals in benzene. These orbitals are properly aligned for overlap. (b) The bonding z molecular orbital of lowest en- 
ergy in benzene. This molecular orbital illustrates that z-electron density lies in a doughnut-shaped region above 
and below the plane of the benzene ring. (Benzene has two other occupied z molecular orbitals as well as three 
antibonding z molecular orbitals not shown here.) (c) The carbon 2p orbitals of COT. These orbitals can overlap in 
pairs to form isolated т bonds, but the tub shape prevents the overlap of 2p orbitals across the single bonds. (d) 
The view down a single bond indicated by the eyeball in (c). The angle between 2p orbitals, indicated by the red 
bracket in (c), is about 63°, which is too large for effective overlap. 


density in benzene lies in doughnut-shaped regions both above and below the plane of the 
ring. This overlap is svmbolized by the resonance structures of benzene. In contrast, the car- 
bon atoms of COT are not all coplanar. but they are nevertheless all trigonal. This means that 
there is a 2p orbital on each carbon atom of COT (Fig. 15.11). The tub shape of COT forces 
the 2p orbitals on the ends of each single bond to be oriented at a 63° angle, which ts too far 
from coplanarity for effective interaction and overlap (Fig. 15.114), Thus, the 2p orbitals in 
COT cannot form a continuous m molecular orbital analogous to the one in benzene. Instead, 
COT contains four 7-ејесігоп systems of two carbons each. As far as the 7 electrons are con- 
cerned, COT looks like four isolated ethylene molecules! Because there is no electronic over- 
lap between the 7 orbitals of adjacent double bonds. COT does not have resonance structures 
analogous to those of benzene (Sec. 15.6B, guideline 5). 


mM 
(15.41) 
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‘To summarize: resonance structures ean be written for benzene. because the carbon 2p or- 
bitals ol benzene can overlap to provide the additional bonding amd additional stability. asst- 
ciated м filled bonding molecular orbitaly. Resonance structures comet be written tor COT 
because there is no overlap between 2р orbitals on adjacent double bonds, 

Why doesn't COT flatten itself te allow overlap of all its 2p orbitals? We ll return to this 
point in Seg. ГА, Е, 


Stability of Benzene 


As mentioned earlier in this section. chemists ef the nineteenth century considered benzene to be 
unusually stable because it rs inert to reagents that reget wiih ordinary alkenes, However. chemi- 
cal reactivity cor the lack of ltr is not the way that we measure enerey content. As we have already 
learned. the more precise was to rHate molecular energies is hy their хла heats of foemation 
АН? Because benzene and COT have the same empirical formula (СН). we cam compare their 
heats of formation per CH group. The АН of benzene is $2.93 kJ mol^'or 8293/6 = 13.8 
kJ mol ^! per CH group. The Aff? of COT is 298.0 KJ mol or 2980/8 = 37.3 KJ mol! per CH 
group. Thus. benzene, per CH group. 15137,3 13,8) 23.5 KJ. mol more stable than COT. It 
follows that benzene ts 23.5 x 6 = И kJ mol (33.6 keal mol) more stable than a hy pothet- 
cul six-carbon cyclic conjugated triene with the same stability as COT, 

This energy difference of about [41 KI mol or 34 keal mol ^! is called the empirical res- 
onance energy of benzene. The empirical resonance energy is an experimental estimate of 
Just how much special stability is implied by the resonance structures for benzene—thus the 
name “resonance energy; 

The resonance energy 1s the eneres Ps which benzene is лес i ars therefore an energs thal Den- 

гете "doesn't haves [he empineaul resenance energs of benzene has been estimated in several differ- 

ent Wiss these estiimaies range from 126 to 172 kJ mol! (30 t6 41 keal mob!) (Xnother estimate i» 

discussed 1n Sec. 16.6.7 The important point, however, is mot the exaet salue ol this number hut the 

lact that atas Милн. 


Aromaticity and the Hückel 4л + 2 Rule 


We've new learned that benzene is unusually stable; and that this stability seems to be corre- 
lated with the overlap of its carbon 2p orbitals to form зг molecular orbitals. In [931. Erich 
Hiickel (1896-1980), а German chemical physicist. elucidated with molecular orbital urgu- 
ments the criteria for this sort ol stability. which has come to be called erematicity. Using 
Hiickel’s criteria. we can define aromatieity more precisely. (Remember again that aromatic- 
ity in this context has nothing to do with odor) This definition has allowed chemists to rec- 
ognize the arematicity of many compounds in addition to benzene. 
A compound is sakt to be aromatic when it meets eff of the following criteria: 


Criteria for aromativity: 


1. Aromatic compounds contain one or more rings that have a сусйе arrangement of p or- 
bitals. Thus. aromaticity Is a property of certan сус compounds, 


2. Every atom of an aromatic ring Das a p orbital. 

А. Aromatic rings are уана. 

4. The cyclic arrangement of p orbitals in an aromatic compound must contain da 7 2 я 
electrons, where н is any positive integer (0. 1. 2...) In other words, an aromatic ring 
must contain 2.6. 10... m electrons, 


These criteria are often called collectively the Hückel 4л + 2 rule or simply ine 4н + 2 rule. 
The basis of the Ал + 2 rule hes in the molecular orbital theory of evefic m-electron systems. 

The theors holds that aromatic stability is observed only with солот evefes ol p orbitals 

thus, erieria | and 2. The theory also requires that ihe p orbitals must overlap to form s mole- 
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| Study Problem 15.4 


Step 1 


Step 2 
Step 3 


Step 4 


cular orbitals. This overlap requires that an aromatic ring must be planar: p orbitals cannot over- 
lap in rings significantly distorted from planarity—thus, criterion 3. The last criterion has to do 
with the number of z molecular orbitals and the number of electrons they contain. Therefore, 
to understand criterion 4, we need to know the energies and electron occupancies of the various 
7 molecular orbitals. Two Northwestern University physical chemists, A. A. Frost and Boris 
Musulin, described in 1953 a simple graphical method for deriving the 7-molecular orbital en- 
ergies of cyclic zr-electron systems without resorting to any of the mathematics of quantum the- 
ory. This method has come to be known as the Frost circle. 


I. For a cyclic conjugated hydrocarbon or ion with / sides (and therefore j overlapping 2p or- 
bitals), inscribe a regular polygon of j sides within a circle of radius 26 with one vertex of 
the polygon in the vertical position. (Remember from Sec. 15.1B that 6 15 an energy unit 
used with molecular orbitals.) 

2. Place an MO energy level at each vertex of the polygon. Because there are j vertices, there 
will be у MOs. 

3. The lowest energy level must lie at 28 because it is at the lowest vertex. which 15 at the 
end of the vertical radius. The energies of the other levels are calculated by determining 
their positions along the vertical radius by trigonometry. 

4. Addthe z electrons to the energy levels in accordance with the Pauli principle and Hund's 
rules. 


Study Problem 15.4 illustrates the application of the Frost circle to benzene. 


Use the Frost circle to determine the energy levels and electron occupancies for the zr MOs of 
benzene. 


For benzene. j = 6. Therefore, we inscribe a regular hexagon into a Frost circle of radius 23 with 
one vertex in the vertical position. (Fig. 15.122). 


Place an energy level at each vertex. Thus gives six energy levels. 


Calculate the energies. The energies of m, and т* clearly lie on the circle. so their energies must be 
2B and – 28. respectively. (Remember that 8 is a negative number.) Then draw a perpendicular from 
the т, (ог 7r,) vertex to the vertical radius and calculate the E( 77), the energy of m. as follows: 


E(T,) = т cos 60° = (23){0.50) = 18 


From this calculation, the energies of m, and зт, which are identical, equal + 1.08. By symmetry, 
the energies of m$ and тё are — 1,08. 


Add the v electrons to the energy levels. Benzene has six 7 electrons. Because each bonding MO 
can accommodate two electrons, the available electrons exactly fill the bonding MOs. 


This method shows that benzene has six MOs—something we already knew. But it also shows 
that two bonding MOs, m, and m, have identical energies, and two antibonding MOs, 77; and 7#, 
also have identical energies. When orbitals have the same energy. they are said to be degenerate. 
Hence, m апа 7r, are degenerate MOs and 7% and mt are degenerate MOs. 
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+2.08 benzene 


зҮ 


ENER( 


1,3-cyclobutadiene 


radius = 


Figure 15.12 Application of the Frost circle to find the MOs and their energies for cyclic conjugated hydrocar- 
bons. The Frost circle is in blue. (a) The Frost circle for benzene. (b) The Frast circle for 1,3-cyclobutadiene, an an- 
tlaromatic compound. (Antiaromatic compounds are discussed in Sec. 15.7Е.) Notice that т. and т, are not bond- 
ing and are only half filled 


The -electron energy of benzene is 8.08. The m-electron energy of three isolated ethylenes 
(with a bonding-MO energy of 1.08) is 6.08. The delocalization energy. or resonance energy, of 
benzene is then 2.05. If we equate this to the empirical resonance energy of benzene (Sec. 
15.7C), which is 141-150 kJ mol"! or 34-36 kcal mol^!, we find that 8 = 70-75 kJ mol" 
(17-18 kcal mol’), The resonance energy is a consequence of the very low-lying 7, МО; the 
other bonding MOs, т, and 77, have the same energy (1.08) as the bonding MO of ethylene. This 
МО, shown in Fig. 15.1 ib. has no nodes, and it most closely corresponds to the resonance-hy- 
brid structure of benzene, which shows the тт electrons spread evenly around the entire molecule. 


PROBLEMS | ' | | : { 
| PROBLEMS | 15.31 Use a Frost circle to determine the 7r-electron structure of (a) the cyclopentadieny] anion, 
which has a planar structure and six 7 electrons; and (b) the cyclopropeayl cation, which has 


two 7 electrons. | 
| + 


T 


cyclopentadienyl anion — cyclopropenyl cation 


15.32. How many bonding МО» are there in a planar, cyclic, conjugated hydrocarbon that contains a 
ring of 10 carbon atoms? How many тг electrons does it have? How many of the 7 electrons 
can be accominodated in the bonding MOs? 
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Study Problem 15.5 


Compounds (and ions) with 4n + 2 т electrons contain exactly the number of electrons Fe- 
quired to fill the bonding MOs. Benzene has six zr electrons (4n + 2 = 6 forn = 1): as we found 
in Study Problem 15.4. these exactly fill the bonding MOs of benzene. A planar. cyclic conju- 
gated hydrocarhon with 10 7 electrons (see Problem 15.32, p. 723) has five bonding MOs, 
which can accommodate all 10 electrons (4л + 2 = 10 for n = 2). A molecule that contains 
more than 4л + 2 7 electrons, even if it could meet all of the other criteria for aromaticity, must 
have one or more electrons in antihonding MOs. If a molecule contains fewer than 477 + 2 elec- 
trons, its bonding molecular orbitals are not fully populated. and its resonance energy (delocai- 
ization energy) is reduced. But there's more to aromaticity than just fully occupied bonding 
MOs; after all, |.3-butadiene and other conjugated acyclic hydrocarbons also have fully occu- 
pied bonding MOs (Fig. 15.1). The bonding molecular orbitals in aromatic compounds have 
particularly low energy, especially the MO at E = 2.08. The resonance energy of benzene ts 
2.08. but the resonance energy of (£)-1.3.5-hexatriene, the acyclic conjugated triene, is 1.08 
(Problem 15.2, p. 680, or Fig. 15.7, p. 688). Moreover, the magnitude of B for acyclic conju- 
gated hydrocarbons ( —50 kJ mol") is only two-thirds of that for cyclic conjugated hydrocar- 
bons. (Simple MO theory does not account for this difference, but more advanced theories do.) 
This difference further increases the energetic advantage of aromaticity, To summarize the basis 
of the 4» + 2 rule: 


1. Cyclic conjugated molecules and ions with 4n + 2 7 electrons have-exactly the right 
number of y electrons to fill the bonding MOs. 

2. The bonding MOs in cyclic conjugated molecules and ions, especially the bonding MO 
of lowest energy, have a very low energy. For this reason, cyclic conjugated molecules 
and ions have a large resonance energy. 


Recognizing aromatic compounds is a matter of applying the four criteria for aromaticity. 
This objective is addressed in Study Problem 15.5 and the discussion that follows it. 


Decide whether each of the following compounds is aromatic. Explain your reasoning. 


(a) М (b) H;C— CH —CH—CH—CH-—CHs (е) / N 
a DO 
1,3,5-hexatriene ма 


toluene biphenyl 


(d) - (e) 


1,3-cyclobutadiene 
1,3,5-cycloheptatriene 


» | 
Solution In each example, first count the 7 electrons by applying the following rule: Each dou- 
ble bond contributes two m electrons. Then apply aii of the criteria for aromaticity. 


(a) The ring in toluene. like the ring in benzene, is a continuous planar cycle of six 7r elec- 
trons. Hence, the ring in toluene is aromatic; The metbyl group is a substituent group on 
the ring and is not part of the ring system. Because toluene contains an aromatic ring, it is 
considered to be an aromatic compound. This example shows that parts of molecules can 
be aromatic. or, equivalently, that aromatic rings can have nonaromatic substituents. 

(b) Although 1,3.5-hexatriene contains six 7r electrons, it is not aromatic, because it fails crite- 
rion | for aroimaticity: it is not cyclic, Aromatic species must be cyclic. 

(c) Biphenyl has two rings, each of which is separately aromatic. Hence, biphenyl is an aro- 
matic compound. 
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(d) Although I,3,5-cycloheptatriene has six m electrons, it is not aromatic, because it fails 
criterion 2 for aromaticity: one carbon of the ring does not have a p orbital. In other words, 
the 7-electron system is not continuous, but is interrupted by the sp^-hybridized carbon of 
ihe CH, group. 

(e) 1.3-Cyclobutadiene is not aromatic. Even though it is a continuous cyclic system of 2p 
orbitals, it fails criterion 4 for aromaticity: it does not have Ап + 2 p electrons. 


Aromatic Heterocycles — Aromaticity is not confined solely to hydrocarbons. Some #йет- 
erocyclic compounds (Sec. 8. |C) are aromatic: for example, pyridine and pyrrole are both aro- 
matic nitrogen-containing heterocycles. 


+ 


pyridine H 
(aromatic) 
pyrrole 
(aromatic? 


Except for the nitrogen in the ring, the structure of pyridine closely resembles that of benzene. 
Each atom in the ring, including the nitrogen. is part of a double bond and therefore contributes 
one 7 electron. How does the electron pair on nitrogen figure in the 7r-electron count? This 
electron pair resides in an sp^ orbital in the plane of the ring (see Fig. 15.13a on p. 726). (It has 
the same relationship to the pyridine ring that any one of the C—H bonds has.) Because the 
nitrogen unshared pair does not overlap with the ring's z-electron system, it is not included in 
the 7-electron count. Thus vievlie. electrons (electrons on doubly bonded atoms) are not 
counted as T electrons. 

In pyrrole. the electron pair on nitrogen 15 allylic (Fig. 15.136). The nitrogen has a trigonal 
geometry and sp” hybridization that allow its electron pair to occupy a 2p orbital and contribute 
to the 7-electron count. The N—H hydrogen lies in the plane of the ring. In general. a/fylic 
electrons are counted as т electrons when they reside in orbitals that are properly situated for 
overlap with the other p orbitals in the molecule. Therefore. pyrrole has six 7 electrons—four 
from the double bonds and two from the nitrogen—and is aromatic. 

Note carefully the different ways in which we handle the electron pairs on the nitrogens of 
pyridine and pyrrole, The nitrogen in pyridine is part of a double bond, and the electron pair 
is not part of the z-electron system. The nitrogen in pyrrole is allylic and its electron pair is 
part of the 7r-electron system. 


Aromatic lons Аготапсиу 1s not restricted to neutral molecules: a number of ions are aro- 
matic. One of the best characterized aromatic ions 15 the cyclopentadieny! anion: 


H H 
Н У Н 
H 


2,4-cyclopentadien-1-ide anion 
(cyclopentadienyl anion; aromatic) 
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4n + 2 T-electron system 4п + 2 sr-electron system 


2p orbital 
sp? orbital 


(a) pyridine (bi pyrrole 
unshared pair is not part of the unshared pair is part of the 
4n + 2 т-е|ес1топ system 4n + 2 q-electron system 


Figure 15.13 The 2p orbitais in pyridine and pyrrole. The grey lines represent orbital overlap. (a) The unshared 
electron pair in pyridine is vinylic and is therefore in an sp’ orbital (blue) and is not part of the aromatic sr-electron 
system. (b) The unshared electron pair in pyrrole is allylic and can occupy a 2p orbital (blue) that is part of the aro- 
matic z-electron system. 


(The Frost circle for this ton was considered in Problem 15.31a.) The cyclopentadienyl anion 
resembles pyrrole; however, because the atom bearing the allylic electron pair is carbon rather 
than nitrogen. its charge is —1. One way to form this ion is by the reaction of sodium with the 
conjugate acid hydrocarbon. 1.3-cvclopentadiene: notice the analogy to the reaction of Na 


with H,O. 
2 + 2Na азасы 2Na* + H (115.32) 
Р n THF : E 
H H H 
[,3-cyclopentadiene cyclopentadienyl anion 
"not aromatic aromatic 


The cyclopentadienyl anion has five equivalent resonance structures; the negative charge can 
be delocalized to each carbon atom: 


5i rcu 4j гә р! = бу are Q ere 


These structures show that all carbon atoms of the cyclopentadienyl anion are equivalent. For 
this reason, the cyclopentadieny! anion is sometimes represented with a hybrid structure: 


hybrid structure of the cyclopentadienyl anion 


Because of the stability of this anion, its conjugate acid, 1,3-cyclopentadiene, is an unusually 
strong hydrocarbon acid. (Remember: The more stable the conjugate base. the more acidic ts 
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the conjugate acid: Fig. 3.2, p. 113.) With a pK, of 15, this compound is 10" times more acidic 
than a V -alkyne. and about as acidic as water! 
Cations. too, may be aromatic, (see Problem 15:31h.) 


+ 
[г> с SbCl, ж р> + ч [> ч » sbcCl; — (5.44) 
+ 


л л 
асн) | 
cyclopropeny! cation 
aromatic) 


This example illustrates another point about counting electrons for aromatieity: сору wifi 
empty p orbitals are part of the T-electren system, but tes contrite no electrons to the T- 
electron vou. Because this cation has two z electrons. i is aromatic (440 + 2 = 2 lor à — 01. 
The stability of the eyelopropenvl cation. despite its considerable angle strain, is à particularly 
strong testament to the stabilizing effect of aromaticity. 

Counting 7 electrons accurately is crucial for successfully applying the 4н + 2 rule. Let's 
summarize the rules for 7-electron counting. 


Each atom thal is part of a double bond contributes one 7 electron. 

Vinvlic unshared electron pairs do not contribute to the w-electron count, 

Allylic unshared electron pairs contribute two electrons to the z-eleetron count if they 
occupy an orbital that is parallel 10 the other p orbitals in the molecule. 

4. An atom with an empty p orbital ean be part of a continuous aromatic a-electron sys- 
tem. but contributes no 5 electrons. 


"x dud — 


Aromatic Polycyclic Compounds The Ниске! 4a + 2 rule applies strictly to single 
rings. However. и number of common fused bieyelie and polveyche compounds. such as 
naphthalene and quinoline, are also aromatig: 


= Le 
n ues 
naphthalene quinoline 


Although rules have been devised to predict the aromaticity of fused-ring compounds, these 
rules are rather complex. and we need not be concerned with them. [t is certainly not difficult 
to see the resemblance of these two compounds to henzene, the best-known aromatic coni- 
pound, 


Aromatic Organometallic Compounds Some remarkeble organometallic compounds 
have aromatic character. For example. the evelopentadieny = anion, discussed previously in this 
section as one example of an aromatic anion, forms stable complexes with a number of transi- 
non-metal cations, One of the best known of these complexes is ferrocene, Which is synthesized 
by the reaction of pve equivalents of eyctopentadiens amon with one equivalent of ferrous ton 


(Ес +). 
= 
ol \ i Fet iia ——- bet uU р Р мас (15.451 


Vel, 
= Nat 


ferrocene 
ГЫ veldi 
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E. 


Although this synthesis resembles а metathesis (exchange? reaction in Which two salts are 
formed from to other salts, ferrocene is not a salt but а remarkable "molecular sandwich” 
in whieh a ferrous ion is imbedded between two eyclopentadieny] anions, 


1 a 
QE $ 
————— 


cvclepentadienvl anions 


Lon 


op vds 


terracene 


The red dashed lines mean that the electrons of the exelopentatienyl anions are shared not only 
by the ring carbons but also by the ferrous ton; each carbon is bonded equally to the iron. 

Lets now return to the question posed near the heginning of this section; Why is benzene 
inert in the usual reactions of alkenes? The слале of benzene 1s responsible for tts unique 
chemical behavior, [f benzene were to undergo the addition reactions фура of alkenes. its 
continuous evele of Aa + 2 y electrons would be broken: И would lose s aromatic eharueter 
and much of its stabilis. 

This is not to sav. however, that benzene is unreactise under all conditions. Indeed, benzene 
and mans other aromatic compounds undergo a number of characteristic reactions that are 
considered in Chapter 16. However, the conditions required for these reactions are урсах 
much harsher than those used with alkenes, precisely because benzene is so stable. As vou will 
also sec. the reactions ef benzene give very different Kinds of products from the reactions of 
alkenes. 


PROBLEMS | i T - 
| PROBLEMS | 15.33 Furan is an aromatic compound. Discuss the hybridization of its oxygen and the geometry 


of its two electron pairs. 


(aromatic! 


15.34 Do you think it would be possible to have an aromatic free radical? Why or why not? 


15.35 Which of the following species should be aromatic by the Hückel 4a + 2 rule? 


(a) / y. ese (с t (d) / " (e) (tj / \ 
NT ва RE 
| | О 


5 | n 
thiophene isoxazole 3 и ZE 


Antiaromatic Compounds 


Compounds that contain рана continuous rings of 4a m electrons. in stark contrast to aro- 
matic compounds. are especially мп such compounds are sud io be antiaromatic. 1,3- 
Cx clobutadiene (which well call simply es clobutadiene) is such a compound: its small ring 
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size and ihe Ар hybridization of is carbon atoms constrain it to planarity. This compound is 
so unstable that it ean only be isolated al very low temperature. + K. 


| 
L,3-cyciobutadiene 


The Frost circle for F3-cyelobutadiene is shown in Fig. 15.120, p. 723, Two of the т МОХ, 
7. und т. heu £ — 0. The zr-electron eneres of evclebuladiene is 4.08. which s re same as 
the z-electron energy of t o Isolated ethytenes. In other words. evefebetadiene fas no FEO- 
nance energy, Moreover, Hund's rules requires that the two degenerate MOS m and 7, be hall 
occupied This means that evelobutadiene has two unpaired electrons and ts therefore a dou- 
ble free radical! Finally, evelobutadiene has considerable angle strain. 

The overlap of p orbitals in molecules with evelic arrays of He 5 electrons is a destabiltz- 
"mg ећѓест. (lt could be said that antiaromate molecules ure “destabilized by. resonance.) 
More advanced MO calculations show that evelohutadiene. m an effort to escupe this high-en- 
ergy мишайоп, distorts bs lengthening tis single bonds and shortening its double bonds: 


4—1.55 A 


a i 
qoxEO— ———_ Fr 
П П 


As a result ot this distortion, the degeneracy of m and. m, is removed; so, one MO lies al 
«lights lower enerey than the other und is doubly occupied. Cyvelobutadiene, in effect; con- 
lains Focalized double bonds. This distortion; while minimizing antraromatie everlap. imntro- 
duces even more strain than the molecule would contain otherwise. The molecule can't win: it 


LII 


|. 


Is Eoo unstable to exist under normal circumstances. 
Although eyclobutadiene is Пле vers unstable. it forms a very stable complex with Feti: 


| cvelobutadieny] TENTAT 
ы Р С. dianion 
| jo A 


Fet CO), Fe (COL, 


cvclobutadieneiron 
tricarbonyl 


Ln this structure, the CO groups are neutral carbon monoxide ligands.) 15-Cvelobutadiene has 
four 7 electrons and is thus two electrons short of the number (six) required for aromatic sla- 
biie. These two missing electrons are provided bs the iron. As the resonance structure on the 
right Ец. 15.46 suggests, this complex in effect consists of a 1. 3-cyelobutadiene with two ad- 
ditional electrons—àa cyclobutadieny giganton, a six z-eleciron aromatic system —combined 
with an iron minus two electrons, that is, Fet, In effect, the iron stabilizes the antiaromatie 


diene b donating two electrons. thus making iH aromatic. 

This section. began with a comparison of the stabiles. of henzene and 1,3.5, 7-cvclo- 
octatetraene СОТ. You сап now recognize that COT contains a continuous eyele of dis 
T electrons, 


27% 


NM ou 


1,3,5,7-cyclooctatetraene 
(COT) 
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Is COT antiaromatic? [t would be if it were planar. However, this molecule is large and flexible 
enough that it can escape unfavorable antiaromatic overlap by folding into a tub conformation, 
as shown in Figs. 15.10d and 15.1 1c. It is believed that planar cyclooctatetraene, which fs an- 
tiaromatic, is more than 58 kJ mol"! (14 kcal mol!) less stable than the tub conformation. 


PROBLEMS 


C and D identical. 


15.36 Using the theory of aromaticity, explain the Anding that A and В are diferent compounds, but 


(That A and B are different molecules was established by Prof. Barry Carpenter and his stu- 
dents at Cornell University in 1980.) 


Td Qeon 


А 


В 


C D 


15.37 Which of the compounds or tons in Problem 15.35 (p. 728) are likely to be antiaromatic? 


Explain. 


KEY IDEAS IN CHAPTER 15 


Molecules containing conjugated double bonds have 
additional stability, relative to unconjugated isomers, 
that can be attributed to the continuous overlap of 
their carbon 2p orbitals to form 7 molecular orbitals. 


The delocalization energy, or resonance energy, of a 
conjugated т-еіесітоп system containing j double 
bonds is the difference between its 7-electron energy 
and the z-electron energy of j ethylenes. 


The most stable conformation of 1,3-butadiene and 
other conjugated dienes is the s-trans conformation, 
which is an anti conformation about the central single 
bond of the diene unit. 


A cumulene is a compound with one or more 
sp-hybridized carbon atoms that are part of two dou- 
ble bonds. An allene is a cumulene with two cumu- 
lated double bonds. Adjacent зг bonds in a cumulene 
are mutually perpendicular; appropriately substituted 
allenes are chiral. 


Heats of formation are generally in the order: conju- 
gated dienes < ordinary dienes < alkynes « cumu- 
lenes. 


Compounds with conjugated double or triple bonds 
have UV-visible absorptions at Anas > 200 nm. 


Each conjugated double or triple bond in a molecule 
contributes 30-50 nm to its Ana When a compound 
contains many conjugated double or triple bonds, it 
absorbs visible light and appears colored. 


The intensity of the UV-vis absorption of a com- 
pound is proportional to its concentration (Beer's 
law). The constant of proportionality e, called the 
molar extinction coefficient, is the intrinsic intensity 
of an absorption. 


The Diels-Alder reaction is a pericyclic reaction that 
involves the cycloaddition of a conjugated diene and 
a dienophile (usually an alkene). When the diene is 
Cyclic, bicyclic products are produced. 


The diene assumes an s-cis conformation in the tran- 
sition state of the Diels-Alder reaction; dienes that are 
locked into s-trans conformations are unreactive. 


Each component of the Diels-Alder reaction under- 
goes a syn-addition to the other. іп many cases the 


endo mode of addition is kinetically favored over the 
exo mode. 
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Resonance structures are derived by the curved- 
arrow notation. A molecule is the weighted average of 
its resonance structures, That is, the structure of the 


т Conjugated dienes react with hydrogen halides to . , 
| gf ; molecule is most accurately approximated by its most 
give mixtures of 1,2- and 1,4-addition (conjugate ad- i 
- ; ‘ important resonance structures. 
dition) products. Such a mixture of products is ac- 
counted for by the formation of a resonance- Other things being equal, the species with the great- 
stabilized allylic carbocation intermediate, which can est number of important resonance structures is most 
react with halide ion at either of two positively stabile. 
charged carbons. à; 
Ле Benzene is the prototype of a class of compounds, 
B When the products of a reaction do not come to equi- including some ions, that have a special stability 


librium under the reaction conditions, the reaction is 
said to be kinetically controlled. A kinetically con- 
trolled reaction can give a mixture of products that is 
substantially different from the mixture obtained if 
the products were allowed to come to equilibrium. 
The predominance of the 1,2-addition product in the 
reaction of hydrogen halides with conjugated alkenes 
is an example of kinetic control. If the products of a 
reaction come to equilibrium under the reaction con- 
ditions, the reaction is said to be thermodynamically 
controlled. 


called aromaticity. All aromatic compounds contain 
4n + 2 т electrons in a continuous, planar, cyclic 
array. 


The basis of the 4n + 2 rule is that bonding MOs are 
completely filled in molecules with 4n + 2 7 electrons, 
and that the bonding MOs have very low energy. 


Compounds that contain 4n 7 electrons in a continu- 
ous, planar, cyclic array are antiaromatic and are espe- 
cially unstable. 


n 


REACTION e For a summary of the reactions discussed in this chapter, see Section R, Chapter 15, in the 


Study Guide and Solutions Manual. 


ADDITIONAL PROBLEMS г 


15.38 Use the curved-arrow or fishhook notation to derive 15.39 Give the principal product(s) expected, if any, when 


the major resonance structures for each of the follow- trans-1,3-pentadiene reacts under the following condi- 
ing species. Determine which, if any, structure is the 


most important one in each case. 


ial H4C А (b) _- 
3 wed @ 


tions. Assume one equivalent of each reagent reacts 
unless noted otherwise. 

(a) Br, (dark) in СН,СІ, 

(b) HBr 

(c) H, (two molar equivalents), Pd/C 

(d) Н.О, H,O* 

(e) Na* C.H,O" in C,H.OH 

(f) maleic anhydride (see Eq. 15.12а, p. 698}, heat 


CH; 


(С) ni 
H;C—C—CH—CH-—CH; 


id) OQ tel (Do 
+ 


15.40 What six-carbon conjugated diene would give the 
same single product from either 1,2- or 1.4-addition 
of HBr? 
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15.41 Explain each of the following observations. 

(a) The allene 2,3-heptadiene can һе resolved into 
enantiomers, but the cumulene 2,3.4-heptatriene 
cannot, 

(b) The cumulene in part (a) can exist as diastereomers, 
but the allene in part (a) cannot. 


15.42 Using the Hückel 4n + 2 rule, determine whether each 
of the following compounds is likely to he aromatic. 


Explain how you arrived at the 7r-eiectron count in 


each case. 


(a) = (b) А 
Г} "À 


(С) CEC id} a 
if bes 
K C 
: / 
= 


15.43 Which of the following molecules ts likely to be planar 
and which nonplanar? Explain. 


О Q 


cyclooctatetraenyl dianion 


tropylium ion 


oxepin 


15.44 The following compound is not aromatic even though 
it has Ан + 2 s electrons in a continuous cyclic array. 
Explain why this compound is not aromatic. (Hint: 
Draw out the hydrogens.) 


15.45 Rank the isomers within each set in order of increasing 
heat of formation (lowest first). 


(a) ы ы м „7 h x d 
(1) (2) 


CH;CH:— CH— C — CH — CH:CH, 
(31 


{4} 


(b) CH—CH; C=C 
ti} F4 
CH;— CH; 
[3) 
(cl CH; 
O-- O” О 
(11 (2) 13) 


15.46 Assume vou have unlabeled samples of the 
compounds within each of the following sets. Explain 
how UY-vis spectroscopy could be used to distinguish 
each compound in the set from the otherts). 

(a) L4-cyclohexadiene and 1.3-cyclohexadiene 


(6) CH; 
C—UCH:- НАС CH=CH, 
and 
(C) 
and 
Ка CH, 
H;C CH, 
id) 
(е) 
H C CH. 
"- 207 1 
Mc cA 
(CH yc COUCH à) 
and 
H 
| | 
H C C 
ae uM 
Cem ld ten.) 
(CHiAC H 


15. 


"ur 


| 5.48 


15.49 


А colleague, Ima Hack. has subjected isoprene (Fig. 
[5.5, p. 684) to catalytic hydrogenation to give isopen- 
tane. Hack has inadvertently stopped the hydrogena- 
tion prematurely and wants to know how much unre- 
acted isoprene remains in the sample. The mixture of 
isoprene and 2-methylbutane (75 mg total) is diluted to 
one liter with pure methanol and found to have an 
absorption at 222.5 nm ( | -cm path length) of 0.356. 
Given an extinction coefficient of 10.750 at this wave- 
length, what mass percent of the sample is unreacted 
isoprene? 


How would the color of 6-carotene (structure on p, 
689) be affected by treatment of the compound with a 
large excess of H, over a PUC catalyst? Explain. 


A chemist, І. M. Shoddy. has just purchased some 
compounds in a going-out-of-business sale from Py- 
bond, Inc., a cut-rate chemical supply house. The com- 
pany, whose molto is “You get what you pay for.” has 
sent Shoddy a compound A al a bargain price in a bot- 
lie labeled only “C,H” Unfortunately, Shoddy can- 
not remember what he ordered, and he has come to ask 
your help in identifying the compound. Compound A 
is optically active and has an IR absorption at 2083 
ст, Partial hydrogenation of A with 0.2 equivalent 
of H, over a calalyst gives, in addition to recovered A, 
a mixture of cis-2-hexene and cis-3-hexene. Identify 


compound A, and explain your reasoning. 


Account for the fact thal the antibiotic mycomycin is 


optically active (see Fig. P15.50). 


Explain the fact that 2,3-dimethyl- 1.3-butadiene and 
maleic anhydride (structure in Eq. 15.12a, p. 698) 
readily react to give a Diels-Alder adduct, but 2,3-di- 
tert-butyl-1.3-butadiene and maleic anhydride do not. 
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15.52 The following natural product readily gives а 
Diels—Alder adduct with maleic anhydride (structure 
in Eq. 15.122, p. 698) under mild conditions. What is 
the most likely configuration of the two double bonds 
ters or Irans}? 


О 
| 
CH CH») CH=CH — CH—CHI(CH;,COH 


Knowing that conjugated dienes react in the 
Diels-Alder reaction, a student, M. T, Brainpan, has 
come to vou with an original research idea: to use 
conjugated alkvnes as the diene component in the 
Diels-Alder reaction (such as the reaction given in 
Fig. P15.53). Would Brainpan's idea work? Explain. 
15.54 Explain why 4-methyl-1.3-pentadiene 15 much less re- 
active as a diene in Diels-Alder reactions than (E )- 
1.3-pentadiene, but its reactivity is similar to that of 
LZ )- E.3-pentadiene. 


15.55. (a) Which carbocation is more stable: the carbocation 
formed by protonation of isoprene at сагһоп-1 or 
the carbocation formed by protonation of isoprene 


at carbon-4? Explain. 
cu 
СН 
HC 


b 
CH; 
isoprene 


(b) Predict the products expected from the addition of 
one equivalent of HBr to isoprene: explain your 
reasoning. 

(c) Predict the products expected from the addition of 
one equivalent of HBr to rrans- 1.3,5-hexatriene: 
explain your reasoning. 


(problem continues) 


Нс с С=С СНС = СН — CH=CH — CH=CH —CH; —CO;H 


mycomycin 


Figure P15.50 


H,C—C=C—C=C—CH, + паек anhydride (Eq. 15.12a, p. 698) = 


Figure P15.53 
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(d) [n parts (b) and (с). which are likely to be the ki- 15.57 When the alcohol A undergoes acid-catalyzed 
netically controlled products and which are likely dehydration, two isomeric alkenes are formed: 8 and C 
to be the thermodynamically controlled ones? (see Fig. P15.57a). The relative percentage of each 
Explain. alkene formed is shown as a function of time in Fig. 
P15.57b. The composition of the alkene mixture at 
15.56 This problem describes the result that established the very long times is very close to the equilibrium com- 
intrinsic preference for 1,2-addition in the reaction of position. Furthermore, if either alkene is subjected to 
hydrogen halides with conjugated dienes. the conditions of the reaction, the equilibrium mixture 
(a) What is the relationship between the products of of alkenes is obtained. 
|.2- and I,4-addition in the following reaction? (a) [s the dehydration a kinetically controlled or ther- 


Р à Р _ a modynamically controlled reaction? Explain. 
(E-H,C—CH—CH-CH—CH, + HC —> ш! i KN p 

(b) Give a structural reason why compound C is fa- 
(b) How does the use of DCI change this relationship. vored at equilibrium. 


i£ at all? (c) Suggest one reason why alkene B is formed more 


rapidly. 
(E)-H;C— CH —CH-—CH —CH; + DC] ж 
(c) The reaction with DCI gives mostly the kinetically 15.58 When 1.3-cyclopentadiene and maleic anhydride (Eq. 
controlled product. Give the structure of this 15.122, p. 698) are allowed to react at room tempera- 
product. ture, à Diels-Alder reaction takes place in which the 
Ph Ph 
p-toluenesulfonic acid CH, ài CH, + HO 
toluene > 
А В С 
(a) 
100 | 
90 | —_ 
alkene C 
= su 
= 
E: 
E 
n 
= 
7 
= 
Е 
2 
8. 20 
alkene B 
10 Ё 
p rr l—— A в 
0 20 40 60) 50 100 120 


time (min) 
(hi 


Figure P15.57 The relative amounts of alkene products 8 and C in Problem 15.57 as a function of time. 


endo product is formed as the major product. When 

this product 15 heated above its melting point of 165 

°C, it is transformed into an equilibrium mixture that 

contains about 57% of the exo stereotsomer and 43% 

of the endo stereoisomer. (The equilibrium constant 

for interconversion of the two stereoisomers probably 
does not vary greatly with temperature.) 

(a) Show these transformations with equations, includ- 
ing the structures of all compounds. 

(b) According to these observations, 15 the Diels-Alder 
reaction of maleic anhydride and | .3-cyclopentadi- 
ene at room temperature a kinetically controlled or 
a thermodynamically controlled reaction? 

(c) Draw two diagrams like Fig. 15.8, p. 695, one 
showing the transition state that leads to the endo 
product, and the other showing tbe transition state 
that leads to the exo product. According to tbe data 
in this problem, which diagram portrays the transi- 
tion state of the reaction at low temperature? 


Consider the bromine addition shown in Figure 

P15.59. Product A is the predominant product formed 

at low temperature. [f the products are allowed to stand 

under the reaction conditions or are brought to equilib- 

rium at higher temperature, product А is the only prod- 

uct formed. 

(a) Which is the kinetic product and which is the ther- 
modynamic product? 

(b) Give a structural reason thal the thermodynamic 
produci is more stahle than the kinetic product. 

(c) Propose a mechanism that explains why the kinetic 
product 1s formed more rapidlv even though it is 


acetic acicl/ether 
(solvent) 


Figure P15.59 


Ü У+к—н —» [x 0 


Я + а рах 


Figure P15.62 
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less stable. (Hint: The rate-limiting step of bromine 
addition is formation of the bromonium ion.) 

(d) Propose a mechanism for the equilibration of the 
two compounds that does not involve the alkene 
starting material. 


The |,2-addition of one equivalent of HCI to the triple 
bond of vinylacetylene, HC==C—CH—CH.,, gives a 
chlorine-containing conjugated diene called chéero- 
prene. Chloroprene can be polymerized to give 
neoprene, valued for its resistance to oils, oxidative 
breakdown, and other deterioration. Give the structures 
of chloroprene and neoprene. 


When an excess of | ,3-butadiene reacts with C], in 
chloroform solvent. two compounds, A and В, both 
with the formula C,H,Cl.. are formed. Compound 8 
reacts with more Cl, to form compound C, CHCl, 
which proves to be a meso compound. Compound А 
reacts with more Cl, to form both C and a diastere- 
omer D. Propose structures for A, B. C, and D, and ex- 
plain your reasoning, 


When 1,3-cyclopentadiene containing carbon-13 (°С) 
aniy at carbon-5 (as indicated by the asterisk tn Fig. 
P15.62) is treated with potassium hydride (KH), a 
species X is formed and а gas is evolved. When the 
resulting mixture is added to water. a mixture of 
“C-labeled 1,3-cyclopentadienes is formed as shown 
in the equation. Identify X, and explain both the 
origin and the percentages of the three labeled 
cyclopentadienes. 


CH, 


H 


O-U- 


40% to 
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[5.63 Explain why borazole sometimes called inergaonic 


Белсене» a sers stable compound, 


E 
| 
Me we, wll 
м INI 
| 
Jd. „В 
H^ Мы H 
| 
Н 
borazole 


15.64. An amine R.NH is typically more than 20 pA, units 
more achhe than the hydrogens of the carbon analog. 
RCH. (the element etfect; Sec. 36A i. However. the 
actdities of L3-cvclepentadiene and pyrroke are an 


exeeption, 
nue. п 
М 3 P n 
a a 
( AN 
IE gl H 
L,3-cyclopentadiene pyrrole 
pA, 15 РА, 17 


Use the theors of aromatieits to explain this exception. 


(ffir: Remember that the pA, of a compound is pro- 


portonal te the tree energ difference between an acid 


and its eonjusale base. | 


15.68. чаз Although aldehydes ind ketones are weak acids, 


their a-hydrogens are more than 30 pK, units more 


acidic man the hydrovens of alkanes. 


n hydrogen 


] i} O 
! - - 
ССК + B MF |L.C— C—R + НВ 
an akivhyde or kelong a Base qm enoelate jon 
pA -I4 


Coating polar elects and resonance effects in sour arut- 


rient, explain iie enhanced acidity of aldehis des and 
ketones, 
(b) hish a-hsdregen of the following Ketone. H” or 


VW. Should he most acidic? Explain. 


15.66. Which of the following two alkyl halides would react 
most гары in a solvolysis reaction bs the S41 mweh- 


anism” Explain your reasoning, 
CHLO-—CH-—(CH -CH. t] 


ERANS Boner. 


ССН. Cl 
MEN 


CH. 
H 


15.67. Invoking Hammond's postulate and the properties of 
the carbocation intermediates. explain why the doubly 
allsITic aks | halide A undergoes much more rapid 
sObalysis in aquceus acerone than campound 7. Then 
explain why compound C. which is also а doubly al- 


Ive alkad halide. às solvols cally inert. 


OO -— / \ 


Ho В: 


[S.68 Most alkyl bromides are water-insoluble liquids. Yet, 
when 7-hromn-[.3.5-cx eloheptatriene was first iso- 
lated, is high melting point of 203 "C and Hs waiter 
solubility ted ity discos erers ti comment that it be- 
haves more like a salt. Explain the salt-like behavior of 


this compound. 


7-bromo-1,3,5-cvcloheptatriene 
'tropylium bromide! 


15.69 Complete the reactions given in Fig. P1869, sn ing 
the structures of all reasenable products and ihe 


reasening used to obtain г. 


15.70. One teresting use of Diels-Alder reactions is 10 trap 
vers reactive alkenes that eanner be isolated and stud- 
ied direcils. One compound used as a diene for this 
purpose is diphens fisobenzeturan. which reacts as 
shown in Fig. РІА 704 on р, 738, (Notice that the Tor- 
malion et an aromatic eng in the product helps ensure 
that the Diels Alder reaction is driven to completion.) 


In the reaction given in Fig. PES. 70h, use the structure 


ol the Diels. Alder praduet te deduce the structure of 
lhe reactie species formed in the reaction. Show bhw 
Ihe curved: armos motion how de reactive spectes ms 
formed, and explain мш makes t particularly 


unstable, 


15.73 
15.71 L se the structure or the Diels-Alder adduct to deduce 
Ihe sirieture el the product SX in the reaction given im 
lis. РТА, on p; 738, Then eise a curseur 
mechanism for the lermation ot X. 
15.72. In 1991, chemists at Rice University reported that they 


had trapped un unstable compound called sprropeia- 


Tu i) 


[ 
Ph—« IU lp cH-—Ph + Clore 


Lh uleuble honda sre trai 


TE i? 


ТОСЕ ЕОС 


aguilent: 


benzoquinone 


ic] 


{t 


heal 


пх ——CHUOGHUCEGCILCGII-GCH. 
H. 
IE 


мил C2 C 


Figure P15.69 


{гн ата 
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diene using gis Diels-Alder reaction with excess 1.3- 
күсеп пат. giving the product m the reaction 
shown in Fig. PLAZI on р. ТАХ. Use 1he strieture oll 


Hrs product te dedüice the structure e£ spirementadiene, 


Account ber euch of the traastormiations shown in Fig. 
PISZA on p. 739 with a curved-arrow mechanism. 
(Dont irs Brees pili] ans percentages.) 

In part М Мет X- gie the mechanisms for both 
Ihe formation amd the subsequent reaction of А and ex- 
plain why the equilibrium Tor the reaction of X strongly 


Гал ors the products, 


QO 


(1 
| | 
xod И. heat 
t) 
| 0) — y 
~ 
M 
b) 


maleic anhydride 


Га compound with 10 carbon atemsl 
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15.74 When the following compound is treated with a strong 5 2.63. and ё 2.82 (relative integral 2:2: 2:1). Ex- 
Bronsted acid, a stable carbocation A 1s formed. plain why the structure of A is consistent with this 
spectrum by assigning each resonance. 
ње СН; (c) Explain why the NMR spectrum of А becomes а 

H;C CH; P : -— 

( acid single broad line when the temperature is raised to 
—— А facarbocation) 113 *C. (Hint: See Sec. 13.8.) 
us e 

CH; 15,75 Account for the fact that the central “benzene ring" of 
[4]phenylene (Fig. P15.75) undergoes catalytic hydro- 
(a) Propose a structure for carbocation A, and draw its genation readily under conditions usually used for or- 

resonance structures, dinary alkenes, but the other benzene rings do not. 


(hb) The proton NMR spectrum of carbocation A al 
—- 10°C consists of four singlets at 4 1.54, 6 2.36, 


(а) reactive diene 


diphenylisobenzofuran 


b Ph 
Br 


diphenyliso- | 
benzoluran 
uL e emus + MgBr. 
18 ether solvent Cie Y Ме Вг, 
Нг 


Ph 


Figure P15.70 


Figure P15.71 


spiropentadiene + (7 —— 


| excess) 


Figure P15.72 
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= 3 — 11:50 = = 
(a) CHCH — CHCH.— OH + conc. HBr = CH,CH-—CHCH,;—Br + CH;CHCH-CH, + H,O 
| (84%) | 
Br 
{16%} 
(b) CH; 
H,O* 
heat 
НС СОН HiC | COH 
dextropimaric acid abietic acid 
(Dextropimaric acid is isolated from the exudate resin of the cluster pine.) 
VÀ H CH; н О 
a HC 
A - es, һай v K 
g , 
CH, HC i 
id) | 
(d х. CH) Г | 
фа + C,H;OC—CzzcC-—COCGCH; шч X — 
„чм 
HC 
O 
a-phellandrene | 
СОСН; 
Н,С=—=©нНн— ЄЄН), + EY 
НС COCH; 
| 
О 


Figure P15.73 


59 Ра 


+ ЗН, THF 


[4|phenylene 


Figure P15.75 
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The Chemistry of 
Benzene an 
ts Derivative 


As we learned in Chapter 15, benzene and its derivatives are aromatic compounds. In this 
chapter, we'll learn how aromaticity affects the spectroscopic properties and the reactivity of 
benzene and its derivatives. In particular, we'll learn that benzene and its derivatives do not un- 
dergo most of the usual addition reactions of alkenes. Instead, they undergo a Lype of reaction 
called electrophilic aromatic substitution, in which a ring hydrogen is substituted by another 
eroup. Such substitution reactions can he used to prepare a variety of substituted benzenes 
from benzene itself. Most of this chapter is concerned with the substitution reactions of ben- 
zene and its derivatives. Chapters 17 and 18 consider other aspects of aromatic chemistry. 


NOMENCLATURE OF BENZENE DERIVATIVES 


The nomenclature of benzene derivatives follows the same rules used for other substituted hy- 


drocarbons: 
( У Е Е 


chlorobenzene nitrobenzene elhyibenzene 


The nitro group, abbreviated —NO,, which is a part of the nitrobenzene structure shown 
here, may be less familiar than the other substituent groups. The nitro group can be repre- 
sented in more detail as a resonance hybrid of two equivalent dipolar structures: 


О: Су 
Е”, 
R—N «——- R—N = R—NO; 
N \ 
erm ler 


740 
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Some monosubstituted benzene derivatives have well-established common names. thal 
should be learned. 


Га i Шел 
| ш ^ 


toluene styrene phenol anisale 


The positions of substituent groups in disubstituted benzenes can be designated in Two ways. 
Modern substitutise nomenclature utilizes numerical designations in the same manner as that 
for other compound classes. However, an older system, which is still used, employs special let- 
ler prefixes. The pretix o (or ero) is used for substituents in à DL2-relatiortshipe лг (tor meta) 
for substiluents im à [.3-relationship: and p (for pares for substiluents in a L4-relationshin. 


il Br 
CI 
TU У, 
or A — 
м F 
NU. 


o-dichlorobenzene ri-bromonitrobenzene p-fluoroiodobenzene 
|.2-dichlorobenzene 1-bromo-3-nitrabenzenc I-Iluoro-4-jodobenzene 


As these examples Шохе, when none of the substituents qualifies as a principal group. the 
substituents are cited and numbered in alphabetical order. In contrast, if à substituent is eligi- 
ble for citation as a principal group. it 18 assumed to be at carbon-] of the ring. 


OH 


V 
NUM. 


m-nitraphenol (3-nitrophenal) 
— OH group is the principal group 


Some disubstituted benzene derivatives also have Gme-honered common names. The di- 
methyIbenzenes are called vienes, and the melhs Iphenols are culled creses. 


CH. OH 
Ө 
| 
e ^e 
o-xylene m-cresol 


The Bsdroxy nhbenols also have 1mportant common names, 


HO АН 11) 


/ уон но OH 


catechol resorcinol hydroquinone 
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When a benzene derivative contains more than two substituents on the ring, the o, m. and p 
designations are not appropriate; only numbers may be used to designate the positions of sub- 
stituents. The usual nomenclature rules are followed (Secs. 2.4C, 4.2A, 8.1). 


F 


Br 
alphabetical citation: bromodifluoro 2-ethoxy-5-nitrophenol 


numbering: 1,2,3 
name: 1-bromo-2,3-difluorobenzene 


Sometimes it is simpler to name a benzene ring as a substituent group. А benzene ring or 
substituted benzene ring cited as a substituent is referred to generally as an aryl group; this 
term is analogous to «kv! group in nonaromatic compounds (Sec. 2.9B). When an unsubsti- 
tuted benzene ring is а substituent, it is called a phenyl group. This group can be abbreviated 
Ph —. It is also sometimes abbreviated by its group formula, C,H.—. 


C 279 ? СьН,—О—С„Н; РЕ Ур 


diphenyl ether (phenoxybenzene) 
three different ways to write the structure 


The Ph—CH.— group is called the benzyl group. 
PhCH;—Cl 


benzyl chloride or (chlorometbyl)benzene 


Carefully note the difference between the phenv! group, Ph—, and the benzyl group. 
Ph—CH,—. Some students erroneously think both of these names refer to the phenyl group. 


Р | 
NUPEENS 16.1 Name the following compounds. 
(a) CH,CH. (b) CH,CH, (c) 
CH,CH, H;C—CH NO, 
£ "Cl 


OH (e) F 
- T Qr 


Cl 


16.2 Draw the structnre of each of the following compounds. 
(a) p-chlorophenol (Б) m-nitrotoluene (с) 3,4-dichloratoluene 
(d) I-bromo-2-propylbenzene (e) methyl phenyl ether 
(f) benzyl methyl ether (z)p-xylene  (h) o-cresol 
(i) 2,4,6-trichloroanisole (a compound present in tainted wine corks) 
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16 2 PHYSICAL PROPERTIES OF BENZENE DERIVATIVES 


The boiling points of benzene derivatives are similar to those of other hydrocarbons with sini- 
ilar Shapes and molecular masses. 


оС 


benzene cyclohexane toluene 
bp 80.] "C. ay oc [the C 
mp nx. bo С әз 


The metting points of benzene and evelohexane are unusually high because of their symme- 
try. Notice that the boiling points of toluene and benzene tit the general trend (See. 2.6A) that 
addition af a carbon atom adds 20-30 'C to the boiling point. 

The melting points of para-disubstituted benzene derivatives are typically much higher 
than those of the corresponding ortho or meta isomers. 


CEL CH, Br Br 


NIC 
oc O a 
T 
hr 
ЧО). Вт 


p-nitrotoluene = o-nitrotoluenc. p-dibromobenzene — n-dibromobenzene 
mp s. 47 Uni B; { -— 4 


This trend can be useful in purifying the para isomer of à benzene derivative from mixtures 
containing other isomers. (This point will prove to be very important in the reactions of some 
benzene derivatives.) Because the isomer with the highest melting point is usually the one that 
Is most easily crystallized. many para-substituted. compounds сап be separated from their 
ortho and meta isomers hy recryvstallization, 

Benzene and other uramatic hydrocarbons are not us dense as water but are more dense 
than alkanes and alkenes of about the same molecular mass. Like other hydrocarbons. benzene 
and its hydrocarbon derivatives are insoluble in water, As we might expect, benzene deriva- 
tives with substituents that form hydrogen bonds to water are more soluble. For example, phe- 
nol has substantial water solubility. 


PROBLEM : =p 
ira ae [6.3 Predict the approximate boiling point of 


(а) ethylbenzene  (b)propylbenzene (с) p-xylene 


SPECTROSCOPY OF BENZENE DERIVATIVES 


A. IR Spectroscopy 


The most useful absorptions in the infrared spectra of benzene derivatives are the earbon-carbon 
stretching absorptions of the ring, which occur at lower frequency than the C=C absorption af 


alkenes. Two such absorptions are typical: one near 1600 cm ^! and the other near 1500 стт. 
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wavelength, micrometers 
£6 2.0 3 35 4 45 5 55 6 Fi В 9 10 11 1213141516 
100 [— ———— —— —— 


overtone and 
combination hands 


padl- 


percent transmittance 


CH; Ў | 
strete ; | | 
C—H bending «T | | 
ring puckering | | 
$ — - - m 
3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 S00 600 
(а) wavenumber, ст! 
wavelength, micrometers 


2.6 28 3 35 4 4.5 2 ‘a 16 7 8 9 ID 11 12 13 14 1516 


percent transmittance 


O— H |! | 
20 E | fe : 
stretch RE m Ы 
Sirett 


о — — 2 
3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 800 600 


(b) wavenumber, ст! 


Figure 16.1 (a) The IR spectrum of toluene. The carbon-carbon stretching absorption is the major absorption 
used for diagnosing the presence of benzene rings. (b) The IR spectrum of phenol. The strong O—H and C—O 
stretching absorptions are much like the same absorptions of tertiary alcohols. 


These absorptions, illustrated in the IR spectrum of toluene (Fig. 16.1a). occur at lower fre- 
quency than alkene C=C stretching absorptions because the carbon—carbon bonds in benzene 
rings have a bond order of 1.5—that is, they are intermediate between single bonds and double 
bonds. Other characteristic absorptions are also shown in Fig. 16,1а. For example, the overtone 
and combination bands in the 1660-2000 cm ^ region were once used to determine the substi- 
tution patterns of aromatic compounds. However, NMR spectroscopy is now a more reliable tool 
for this purpose. 

Phenols have not only the characteristic aromatic absorptions, but also O—H and C—O 
stretching absorptions, which are very much like those of tertiary alcohols. The IR spectrum 
of phenol is shown in Fig. 16. 1b. 


В. NMR Spectroscopy 


The proton NMR spectrum of benzene consists of a singlet at a chemical shift of 8 7.4, Typi- 
cal alkenes, in contrast, have chemical shifts for internal vinylic protons of 6 5.0-5.7. Thus. 
the chemical shifts are greater than those of alkenes by about 1.5—2 ppm. (See also Fig. 13.4. 
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the induced field B; opposes 
| By in the center of the ring 


— 


В; (induced field) 


nd | | ЖҮ" _| the induced field В; reinforces 
Induced Tr-eiectroen circulation — 
; |Воа the benzene protons 


(ring current) 


By (external applied held) 


Figure 16.2 Origin of the large chemical shift of benzene protons. The field (red dashed lines, B.) induced by the 
7-electron ring current opposes the applied field B, (blue) in the center of the ring. However because В, forms 
clased loops, it lies in the same direction as B, in the region occupied by the benzene protons. As a result, the in- 
duced held increases the local field at the benzene protons. Consequently, these protons require a higher fre- 
quency to meet the condition for resonance. The higher resonance frequency translates into a greater chernical 
shift (Eq. 13.4, p. 583, and related discussion). 


p. 588.) NMR absorptions at large chemical shifts are particularly characteristic of most ben- 
zene derivatives. Notice also that a benzene ring contributes four degrees of unsaturation. 
Thus, when dealing with an unknown for which vou have deduced an unsaturation number =4 
from the molecular formula. your eyes should move immediately to the 6 7-8 region of the 
NMR spectrum. Absorptions in this region immediately alert you to the likelihood of a ben- 
zene ring. 

What is the reason for the unusual chemicai shift of benzene? Recall that the zr-electron den- 
sity in benzene lies in two doughnut-shaped regions above and below the plane of the ring (Fig. 
15.10b. p. 719). In an NMR experiment. benzene molecules in solution are moving about ran- 
domly and thus can assume all possible orientations relative to the applied field B4, However, a 
particular orientation dominates the chemical shift, as shown in Fig. 16.2. In this orientation. a 
circulation of т electrons around the ring, called a ring current, is induced. The ring current. 
in turn, induces a magnetic field B, that forms closed loops through the ring. This induced field 
opposes the applied held along the axis of the ring. but it augments the applied field outside of 
the ring. in the region occupied by the benzene protons. Thus. the net field at these protons is 
higher than it would be in the absence of the ring current. As a result, a correspondingly higher 
Irequency is required for absorption, and the chemical shifts of aromatic protons are increased 
(Eq. 13.4, р. 583). This explanation is similar to that tor the chemical shifts of vinylic protons 
in alkenes (Fig. 13.14. p. 613), except that the effect is larger for benzene protons. 

The ring current and the large chemical shift are characteristic of compounds that are aro- 
matic by the Hückel 47 + 2 rule (Sec. 15.71). This is reasonable because the basis of both the 
ring current and aromaticity is the overlap of p orbitals in a continuous cyclic array. Many 
chemists believe that the existence of the ring current (detected by unusually large chemical 
shifts) is the best experimental evidence otf aromatic character. 
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En OPUS 16.4 Within each set, which compound should show NMR absorptions with the greater chemical 


shifts? Explain your choices. 


(n) // \ ү (b) 
А S SR 
$ = 


thiophene divinyl sulfide (1) (2) 
(1) (2) 


16.5 (а) Verify that the following compound meets the Hückel criteria for aromaticity. 
H H 


inner protons 
ее, 


Н 
= outer protons 
H 


H H 


(b) The NMR spectrum of this compound consists of two sets of multiplets: one at 69.28, and 
the other at 6{—2.99); the latter resonance is at 3 ppm /ower chemical shift than that of 
TMS! The relative integral of the two resonances is 2: 1, respectively. Assign the two sets of 
resonances, and explain why their chemical shifts are so different: in particular, explain why 
one of the chemical shifts ts so small. (Hint: Look carefully at the direction of the induced 
field in Fig. 16.2.) 


When the protons in a substituted benzene derivative are nonequivalent, they split each other, 
and their coupling constants depend on their positional relationships. as shown in Table 16.1. 
Notice that splitting can occur across more than one carbon-carbon bond. Because of this split- 
ting, the ММК spectra of many monosubstituted benzene derivatives have complex absorptions 
in the aromatic region. For rings with higher degrees of substitution, the substitution pattern can 
in many cases be deduced directly from the splitting patterns of the aromatic protons. 

One particular splitting pattern in the NMR spectra of aromatic compounds occurs often 
enough that it is worth remembering. This pattern is illustrated by the NMR spectrum of 
1-bromo-4-ethylbenzene in Fig. 16.3. This spectrum consists of two apparent doublets, cen- 
tered near 67.0 and 67.4. Ideally, the lines in these doublets should have equal intensities 


| TABLE 16.1 


Typical Coupling Constants of Aromatic Protons 


Relationship of protons Coupling constant 


H 
ortho Ci Jem ПОН 
H 
H 


STUDY GUIDE LINK 16.1 
ММВ оѓ 
Para-Substituted 

Benzene Derivatives 
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chemical shift, Hz 
2400 2100 ] 8C) 1500 1200 900 600 | 300 _@ 


8 EL. AREE 3 ra $c 2 | 
chemical shift, ppm (6) 


Figure 14.3 The proton NMR spectrum of 1-bromo-4-ethylbenzene. Notice three things about this spectrum. 
First, the "two-leaning doublet" pattern near 5 7 is very typical of para-disubstituted benzene derivatives in which 
the ring substituents are different. Second, the chemical shifts of the ring protons reflect the electronegativities of 
nearby groups. Thus, the protons H", which are ortho to the electronegative bromine, have greater chemical shifts 
than protons H^, which are ortho to the more electropositive ethyl group. Finally, notice that the chemical shifts of 
the benzylic protons Н“ are slightly greater than the chemical shifts of allylic protons. (See also Fig. 13.4, p. 588.) 


(Table 13.2, p. 598), but because the chemical shifts of the two coupled protons are similar, the 
intensities differ from the 1:1 ideal. (This phenomenon is called leaning.) In each doublet, the 
major coupling constant, J = 8.4 Hz, reflects the large ortho coupling. A superimposed, very 
small, para coupling causes the additional fine structure visible in the expansions of these ab- 
sorptions. Such a "two leaning doublet" pattern is very typical of disubstituted benzene rings 
in which two different ring substituents have a para relationship. 

The spectrum of 1-bromo-4-ethylbenzene also shows how substituent groups can affect the 
chemical shifts of ring protons. The bromo group is the more electronegative group. The pro- 
tons ortho to this group (H" in Fig. 16.3) have a greater chemical shift at 6 7.4. The protons 
ortho to the more electropositive ethyl group (Н? in Fig. 16.3) have a smaller chemical shift at 
6 7.0. (Resonance also affects ring-proton shifts; see Problem 16.39, p. 781.) 

The chemical shifts of benzylic protons—protons on carbons adjacent to benzene rings— 
аге in the 6 2-3 region, These chemical shifts are slightly greater than those of allylic protons 
(see Fig. 13.4, p. 588). The chemical shifts of benzylic protons in toluene and ethylbenzene 
are typical. 


henzylic protons benzylic protons 6 1.22í(t) 
(6 2.24) | samo: | 


ring protons 
67.1 


Notice also the chemical shifts of the benzylic protons of 1-bromo-4-ethylbenzene in Fig. 16.3. 
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The O—H absorptions of phenols are typically observed at lower held (about 6 5—6) than 
those of alcohols (6 2-3). The O—H protons of phenols, like those of alcohols. undergo ex- 
change in D-O. 


PROBLEMS 
| PROBLEMS | 16.6 Explain how to use NMR spectroscopy to differentiate the isomers within each of the follow- 


ing sets. 

(a) mesitylene (1.3,5-trimethylbenzene) and p-ethyltoluene 

(b) I-bromo-4-ethylbenzene (Fig. 16.3) and (2-bromoethyl)benzene (BrCH,CH,Ph) 

16.7 Give structures for each of the following compounds. 

(a) СОНО: NMR 6 1.27 (3H, d. Ј = 7 Hz); ô 2.26 (3H, s); 6 3.76 (1H, broad s. disappears 
after D-O shake); ó 4.60 (1H. q, J = 7 Hz); 66.95, 6 7.10 (4H, apparent pair of doublets, 
J = 10 Hz) 

(b) C,H,40: IR, 3150-3600 em" ' (strong, broad); NMR, 4 1.17 (3H. tJ = 8 Hz): 5 2.58 (2H, 
9. + = 8 Hz) 56.0 (1H. broad singlet, disappears with D-O shake); 66.79 (2H, d. J = 
10 Hz), 67.13 (2H, d, J = 10 Hz) 


C. С NMR Spectroscopy 


[n "C NMR spectra the chemical shifts of aromatic carbons are in the carbon-carbon double 
bond region (6 110—160); the exact values depend on the ring substituents that are present. 
The chernical shift of benzene itself is 6 128.5. The chemical shifts of the carbons in ethylben- 
zene are typical: 
31220 629.2 à 15,8 
Н, CH; 


o 128.5 S 
6 125.4 ! à 144.1 


ethylbenzene 


Notice the higher chemical shift for the quaternary ring carbon. This fits the pattern of larger 
chemical shifts for carbons that bear no hydrogens (Sec. 13.9). Also. because the proton-de- 
coupling technique enhances the size of peaks of carbons that bear hydrogens, the peaks for 
carbons that do not bear hydrogens are considerably smaller. Thus, the 6 144.1 resonance of 
ethylbenzene 1s the smallest peak in the spectrum. 

The chemical shifts of benzylic carbons are in the 6 18—30 regton— not appreciably differ- 
ent from the chemical shifts of ordinary alkyl carbons. The C chemical shifts for the benzylic 
carbon of ethylbenzene. 6 29.2, is typical. 


PROBLEMS К, | | РЭ 
16.8 А benzene derivative known to be a methyl ether with the formula С.Н, ОСІ, has five lines in 
its ^C NMR spectrum. Propose two possible structures for this compound that fit these facts. 


16.9 How would you distinguish mesitylene (1.3,5-trimethylbenzene) from isopropylbenzene 
(cumene) by "C NMR spectroscopy? 


D. UV Spectroscopy 


Simple aromatic hydrocarbons have two absorption bands in their UV spectra: a relatively 
strong band near 210 nm and a much weaker one near 260 nm. The spectrum of ethylbenzene 
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rn = 


AN 
THCN; d X 


absorbance 


200 220 240 260 280 300 320 340 360 


wavelength (Àj, nm 


Figure 16.4 Comparison of the UV spectra of ethylbenzene (blue) and p-ethylanisole (black). The solid lines are 
spectra taken at the same concentrations. The dashed line is the spectrum of ethylbenzene at fiftyfald higher con- 
centration, This comparison shows that the UV spectrum of p-ethylanisole is generally more intense. Notice also 
that the A a in the p-ethylanisole spectrum occurs at higher wavelength. 


TTE 


in methanol solvent (Fig. 16.4) is typical: А = 208 nm (e = 7520); 261 nm (e = 200). Sub- 
stituent groups on the ring alter both the А, „, values and the intensities of both peaks, partic- 
ularly if the substituent has an unshared electron pair or 2p orbitals that can overlap with 
the 7-electron system of the aromatic ring. As is also the case in alkenes, more extensive con- 
jugation ts associated with an increase in both A and intensity. For example, l-ethyl-4- 
methoxybenzene ( p-ethylanisole) in methanol solvent has absorptions at А = 224 nm (є = 
10.100) and 276 nm (e = 1,930): both absorptions occur at higher wavelengths and 
have greater intensities than the analogous absorptions of ethylbenzene (Fig. 16.4) because 
the —OCH, group has electron pairs in orbitals that overlap with the 2p orbitals of the ben- 
zene ring. 


ШЕК 


overlap of one oxygen lone pair 
with the benzene zr-electron system 


P az UNES 
7 А AQ v. sp*-hybridized oxygen 
“OÔ 


“с Н, 
p-ethylanisole 


CH,CH,; 


Noticé that the VSEPR rules for determining geometry (Sec. |.3B) predict that the oxygen of 
p-ethylanisole, like the oxygen of water, should be approximately tetrahedral (if we include the 
electron pairs) and should therefore Бе sp^-hybridized. However. the oxygen is sp?-hybridized. 


750 
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This hybridization allows one of its electron pairs to occupy a 2p orbital, which has the same 
size, shape, and orientation as the carbon 2p orbitals of the ring. [n other words. an oxygen 2р 
orbital overlaps more effectively with the carbon 2p orbitals of the ring than an oxygen p^ or- 
bitai would. (We leamed about the same eHect in resonance-stabilized allylic systems: p. 713). 
The UV spectrum of anisole is а direct consequence of this overlap. 


Bebidas 16.10 (а) Explain why compound A has a UV spectrum with considerably greater A,,,, values and 
intensities than are observed for ethylbenzene. 


GA MX cit Amar = 256 пт {e = 20,000) 
Noni i 283 nm (e = 5,100) 


A 


(b) In view of your answer to part (a), explain why the UV spectra of compounds A and С are 
virtually identical. 


CH; 
H;C CH, 
C 
E mesitylene 
bimesityl Amax = 256 nm ie — 200 


Атах = 266 nm (є = 700) 


16.11 How could you distinguish styrene (Ph— CH=CH.) from ethylbenzene by UV spec- 
troscopy? 


ELECTROPHILIC AROMATIC SUBSTITUTION 
REACTIONS OF BENZENE 


The most characteristic reaction of benzene and many of its derivatives is electrophilic aro- 
пшне substitution. їп an electrophilic aromatic substitution reaction, a hydrogen of an aro- 
matic ring is substituted bv an electrophile that is, by а Lewis acid. The general pattern of an 
electrophilic aromatic substitution reaction ts as follows. where E 1s the electrophile: 


em. =, 
Н+ E-Y ж E+ Roy 


(Note that in this reaction and in others that follow, опу one of the six benzene hydrogens is 
shown expheitly to emphasize that one hydrogen is lost in the reaction.) 

AH electraphilic aromatic substitution reactions occur by similar mechanisms, This section 
surveys some of the most common electrophilic aromatic substitution reactions. and their 
mechanisms, 
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Halogenation of Benzene 


When henzene reacts with bromine under harsh conditions -Hquid bromine. no solvent. and 
the [Lewis acid Fe Br, as a catalyst a reaction occurs in which one bromine 1s substituted for 
a ring hydrogen. 


Felitriar Fe 
H + Br, ————— + HBr (16.2) 


(L2 equiv 


benzene bromobenzene 
(S0't ма) 


(Because iron reacts with Br, to sive FeBr,, iron tilings can be used in place of FeBr,.) An 
analogous chlormatton reaction using Cl, and Гес], gives chlorohenzene. 

This reaction of benzene with halogens differs from the reaction of alkenes with halogens 
in Ovo important ways. First is the iype of product obtained. Alkenes react spontaneously with 
bromine and eniorine. even in dilute solution, lo give ссе products. 


АКА 


Halogenation of benzene, however. 1s à substitution reaction: a ning hydrogen is replaced bx 
a halogen, Second. the reaction conditions for henzene halogenation are mich more severe 
than the conditions for addition of halovens to an alkene. 

The first step in the mechanism of benzene hromination is the formation of à complex 
between Br. and the Lewis acid FeBr,. 


К d T a - 
iBr— Bri FeBr, PR :Br— Вг — Febr (164 


Formation of thts complex results m a formal positive charge on one of the bromines. А posl- 
lively charged bromine 15 a better electron acceptor, and thus a better leaving group, than a 
bromine in Br, ttselt. Another cand equivalent) explanation of the leaving-group effect ts that 
~FeBr, is a weaker base than Bro. ¢(Remeinber from Sec. 9.47 that weaker bases are better 
leaving groups.) FeBr, is essentially the product of a Lewis acid. base association reaction of 
Bro with FeBr,. Therefore. in. РеВг,. an electron pair on Bro has already been donated to Fe. 
ard ts thus less available to act as a base. than а "naked" electron pair on Bro itselt. 


a better electron acceptor| 


| bet leaving ert а weaker electron acceptor 
| ёте DENET de sidani RIO | and poorer leaving group 
N 1 Г 
#: | 
Nuch “э:Вг-- Br — FeBr; Мис: Br Вг: 
(a nucleophile) | 

+ M 2, > +t гае ac к 
Мис— Br: + :Br— FeBr; Nuc — Br: + : Dr: i] fA) 


z - карен] Жы 
a weaker base |a stronger base | 
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As you learned in Sec. 9.46. — Br is a good leaving group. The fact that a much better leaving 
group than — Br is required tor electrophilic aromatic substitution tilustrates how unreactive 
the benzene ring Is. 

In the second мер ol the mechanism. this complex reacts with the a electrons of the Ben- 
dene ting. The welectrons act as a nucleophile. the Bras an electrophile. amd | FeBr, as a lei - 
INK group. 


nucleophile ! " 
7 Br te Her 
H i > 
leaving 
eroup 
+ 
fad Bi ERA 3 
EH +. PF FeBr, бб) 


Although this step results in the formation of a resonance-stabilized earhocation, it also disrupts 
the aromatic stabilization of the benzene ring. Harsh conditions thigh reagent concentrations, 
high temperature, and a strong Lewis acid catalyst) are required for this reaction lo proceed at 
ц useful rate because this step does not occur under the much milder conditions used to bring 
about bromine addition to an alkene, 

The reaction ts completed when u bromide ton (eomplexed to FeBr;racets as a Бахо to remove 
(he ring protan, regenerate the catalyst FeBr; and give the products bromobenzene and HBr. 


+ 
"i У T és - — —dM- / \ hr: + HBr: + Pebr: (Ih. 7) 
Н Br Felir, Е р ^ 


Recall that loss of a B-proton is one of the charactertstie reactions of carbocations (Sec, 9.6B ). 
Another typical reaction of carbocations reaction ef bromide ton at the elecirondefieient gar- 
bon tiself doesn't occur because the resulting addition product would not be aromatic: 


:Вг — Felir, 


TN. = E: r 
/ 3 / x i * Pelr: (ТБК) 


does not occur 


Lor gqrematie! 


Ву losing a -proton instead (By. 16.7). the varhocation can form hromobenzene. à stable aro- 
matic gampound, 


PROBLEM i | | | | mE 
г 16.12 A small amount of a by-product, p-dibromobenzene. i also formed in the bramination 
of benzene shown in Eq. 16.2. Write a curved-arrow mechanism for formation of this 


compound. 


Step 1 


Step 2 


nucleophiles 


Step 3 
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Electrophilic Aromatic Substitution 


Halogenation of benzene is one of many electrophilic aromatic substitution reactions. The 
hromination of benzene, for example, is an слее substitution because a hydrogen of ben- 
rene (he aromatic. compound that undergoes substitution] is replaced by another group 
thramine), The reaction. is efectrephiic because the substituting. group reacts as an elec- 
(rophile, or Lewis acid. with the benzene 7 electrons. In bromination, the Lewis acid is a 
bromine inthe complex of bromine and the FeBr, саал st (eq. 16.6). 

We ve considered two other types of substitution reactions: паселі е Анри (ihe 
S42 and 8,1 reactions, Sees. 9.4 and 9.6) and free-radical’ sibstimition thalogenation of alka- 
nes, Sec. SOAL [n a nucleophilie substitution reaction. the substitüting group acts as а nucie- 
орис, or Lewis base: and in tree-radical substitution, free-radical intermediates are involved. 

Electroplilte aromatte substitution is the most picai reaction of benzene and tty deriva- 
fives. As you iearn about other eleetrophilie substitution reactions, it will help sou to under- 
stund them itf vou can identify in cach reaction the following three mechanistic steps: 


Generation of an electrophile. The electrophile in bromination is the complex of bromine 
with Felir;. formed as shown in Eg. 16.4. 


Nucleophilic reaction of the 7 electrons of the aromatic ring with the electropbile to form 
a resonance-stabilized carbocation intermediate. 


a tetrahedral, sp^-hybridized carbon; 
no longer involved in the z-electron system 


ri — 
ча. Do T1 — y SSMHO х АН 
N X Ww yw 
-> | — A + 
d V \ resenance-stabilized 
ү. | catTbocation intermediate 
| leaving group 
The eleetrophile approaches the electron cloud ol the ring above or below the plane of the 


molecule. In the carbocation intermediate, the carbon at which the electrophile reacts becomes 
Ap -hybridized and tetrahedral. This step in the bromination mechanism Is Eq. 16.6. 


Loss of a proton from the carbocation intermediate to form the substituted aromatic corn- 
pound. The proton 15 Jost from the carbon at which substitution occurs; This carbon again be- 
comes part of the aremate z-electron system. 


— y - | + H—X б УВ 


This step in the hbromination mechanism is Eq. 16.7. 

This sequence is elissified as efecrropénsfic substitution because we focus on the nature of 
the group—an electrophile—thal reacts with the aromatic ring. However, the mechanism re- 
ally involves nothing fundamentally new; Hke both electrophilic addition (Sec. 5.1) and mecie- 
өрі subserution (Sec, ОЛ), the reaction involves the reactions. of nucleophiles, elec- 
trophites, and leaving groups. 
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Study Problem 16.1 


Step 1 


Step 2 


Step 3 


Step 1 


Give a curved-arrow mechanism for the following electrophilic substitution reaction. 


Solution Construct the mechanism in terms of the three preceding steps. 


In this reaction, a hydrogen of the benzene ring has been replaced by an isotope D, which must 
come from the D,SO,. Because protons (in the form of Brensted acids) are good electrophiles, the. 
D,SO, itself can serve as the electrophile. 


Reaction of the henzene 7 electrons with the electrophile involves protonation of the benzene ring 
by the isotopically substituted acid: 


fe H 


D—-OSO,D 
— а 
ч М Р 


resonance-stabilized 
carbocation intermediate 


(If you're asking where that “extra” hydrogen in the carbocation came from, don't forget that each 
carbon of the benzene ring has a single hydrogen that is not shown explicitly in the skeletal struc- 
ture. One of these is shown in the carbocation because it 1s involved in the next step.) You should 
draw the resonance structures of the carbocation intermediate. 


Removal of the proton gives the fina! product: 


н \ 


1080р D 
D —- +i + H—O0SOD 
+ 


Nitration of Benzene 


Benzene reacts with concentrated nitric acid, usually in the presence of a sulfuric acid catalyst, 
to form nitrobenzene. In this reaction, called nitration, the nitro group, —NO,, is introduced 
into the benzene ring by electrophilic substitution. 


o>. + HONO, — 890 ( Уә, + HO (16.10) 


nitric 
benzene acid nitrobenzene 
(81% vield) 


This reaction fits the mechanistic pattern of the electrophilic aromatic substitution reaction 
outlined in the previous section: 


Generation of the electrophile. In nitration, the electrophile is *NO., the nitronium ion. This 
ion is formed by the acid-catalyzed removal of the elements of water from HNO,. 
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0:7 (2:7 
=) y" % + с + Р А 
HO;SO0O-—H HO — N ——3e HOO: hf N (6. ag 
E H \ | N 
С: Н (ү: 


Ce 


f "na as - + — 
EE М —»- Н+ == SONEL 
H ы: nitronium ion 


Step 2 Reaction of the benzene v electrons with the elcctrophile to form a carbocation inter- 
mediate. 


M E 


| SO: 
HS | 
| / UNI 
НО: ж У, 16.119) 


(Notice that either of the oxygens сип accept the electron pair.) 


Step 3 Loss of a proton from the carbocation to give a new aromatic compound. 


je 
Pa. de +/ “т 
D —- N *H—O-—SOH 6а 
C : NN = 
=: —SOH id 


(from Ta]. 16.114) 


Nitration is the usual way that nitro groups are introduced into aromatic rings, 


D. Sulfonation of Benzene 


Another electrophilic substitution reaction of benzene is tts conversion inta henzenesulfonic 


Но 
= + SQ, ——. ( \-son (16.12) 


sulfur 


benzene trioxide benzenesulfonic acid 
(52% vield | 


acid. 


(Sulfonic. acids were introduced in Sec. 10.3AÀ ах their sulfonale ester derivatives.) This 
reaction, called. sudfonation, occurs by two mechanisms that operate simultaneously. Both 
mechanisms involve sulfur trioxide, a fuming liquid that reacts violently with water to give 
H.SO,. The source of SO, for sulfonation 15 usually a solution of SO, in concentrated H.5O, 
valled бент sulfuric acid or oleum. This material is one of the most acidic Bransted acids 
avallable commercially. 
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[n one sull'onation mechanism. the electrophile is neutral sulfur омдо. When sulfur 
—rioxide reacts with the benzene ring m electrons, an oxygen accepts the electron. pair dis- 
placed Fram sulfur. 


( () C) с) 
й S / Q 
y | i + о iy N | p (x 
4 ^ Ho 0 _— 4 C UM í ^ И мои 
E i} 


sa 
TOSOH | 
төл sovent. 
i 24 ТЕ + TOSOH ECAR 


Sullonic acids such as henzenesulfonie acid are rather strong achis. (Notice the last equi- 
librium in Еч. 16.13 and the structural resemblance of hbenzenesullonie acid to another strong 
acid. sulfuric acid. i 

Sullonation, unlike many electrophilic aromatic substitution reactions, is reversible, The 
—5O,H isulfonie acid! group is replaced by a hydrogen when sulfonie acids are heated wath 
steam (Problem 16.50, p. 7821. 


PROBLEMS | хее: 
16.13 А second sulfonation mechanism involves protonated sulfur trioxide as the eleetrophile. 


Show the protonation of SO,, and draw a curved-arrow mechanism for the reaction of pro- 
tonated SO, with benzene to give benzenesulfonic acid. 


16.14 A compound called p-toluenesulfonic acid is formed when toluene is sulfonated at the para 
position. Draw the structure of this compound, and give the curved-arrow mechanism for its 
formation. 


E. Friedel-Crafts Alkylation of Benzene 


The reaction of an alkyl halide with benzene in the presence of a Lewis acid catalyst gives an 


alkv]benzene. 
С. > | , ‚ NM h oo D ; 
= + UH —CHSCH: ED ый ; - HCl. tho) 
| р, | ! equis. | 
Cli, 
benzene 
‚мшу excess sec-butyt chloride sec-butylbenzene 


i Ten yeki: 


This reaction is an example of a Friedel Crafts alkylation, Recall that an Ао is a 
reaction that results in the transfer of an alkyl group i Sev. 10.3B1. [n u Friedel-Crafts alky- 
lation, an alkyl group is transterred to an aromatic ring in the presenee ef an acid catalyst. In 
the preceding example, the alksl group comes from an alks f halide and the catalyst is the 
Lewis acid aluminum trichloride AICI. 

The electrophile in à Friedel-Crafts alk Tation is formed bs the complesation of the Lewis 
acid AICI, with the halogen of an alkyl halide in much the same way that the electrophile in 
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the bromination of benzene is formed b the complexation of FeRr, with Br. (ky. 16.4. 
p. 731 If the alkyl halide is secondary or tertiary. this complex can further react to form car- 
hocation intermediates. 

+ 


К-СИ AIC ж RSAC: ж” ORF ACh бла 


—^ carhucation 


Either the alks1 halide-Lewts acid complex. or the carbocation derived from it, van serve as the 
cleetrophile in a Friedel-Crafts alks lation. 


m 
! R —CI — АІСІ, 
£X on 


alkylation by the complex 
ar E — / AK ly 116 | Shy 


-R* AICI, 


alkylation by the carbocation 


Compare the role of AIC, in enhancing the effectiveness of the chloride leaving group with 
the similar role of FeBr, or FeCl, in the braminalion tq. 16.5. p. 751) or chlorination of 
henzene: 


slectrophil Честер 
nucleophile " + _ nuclei phile ! + К 
| = RT CI — АІСІ, | „їВг——Вг——ЕеВг; TEARS 
| MA T WA 
H H 


‘complex formation with FeBr, 


complex formation with AICI, 
makes Br a better leaving group 


makes СІ a better leaving group 


We've learned three general reactions of carbocations: 


|. reaction with nucleophiles (Secs, 4.7B D. 9.6Bi 
2. rearrangement to other carbocations (Sec, 4, 7B1 
3. loss of a -proton to give un alkene (Sec. 9.6B) or aromatic ring (Eq. 16.7. See. 16.441 


The reaction of à carbocation with the benzene m electrons is an example of reaction 1. 
Loss а proton to chloride ion completes the alks lation. 


t R А N 
LM —— € R + HCl + AICI, (16.154) 
Н Cl—AICI; == 


Because some carbocations can rearrange, jt is nol surprising that rearrangements ef alkyl 
groups are observed in some Friedel «Crafts alkylations: 
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| the alkyl group has rearranged 


CH, 


| PX | 
: в А . Аі; . . Е - . er Е 
Н + CH CH-LCH CHC] = Hcl + CH-CH CH CH; + y ^ CHURCH, 


benzene 


H + (CHi&C— CI 


benzene 
C threetold excess | 


]-chlorobutane 


butylbenzene sec-butylbenzene 
(27% vield | (49° yield} 
1 16.16) 


In this example. the alkyl group in the see-bulylbenzene product has rearranged. Because pri- 
mary carbocations are too unstable to be involved as intermediates, it is probably the complex 
of the alkyl halide and AICI, that rearranges. This complex has enough carbocation character 
that it behaves like a carbocation. 
H 
l 


| a - + - 
CH,CH CHCH,— Ci — АІС], —— CH;CH;CHCH; :Cl— AICH 16.171 


sec-butyl cation 
alkvlates benzene to pive 
sec-hutvlbenzene 


As we might expect, rearrangement in the Friedel-Crafts alkylation is not observed if the car- 
hoeatian inlermediate is not prone to rearrangement, 


АН, 
EEREN! суш.) 


ССН, ~ (CHa ССН, + HCl 


teri-butylbenzene 1,4-di-tert-butylbenzene 
(666 vield] (small amount! (16,18) 


In this example. the alkylating cation is the tert-butyl cation: because it is tertiary, this carbo- 
cation does not rearrange. 

Alkylbenzenes such as butyIbenzene (Eq. 16.16) that are derived from rearrangement- 
prone alkyl halides are generally not prepared by the Friedel-Crafts alkylation, but rather by 
other methods that we Н consider in Sees, 19.12 and 18.10B. 

Another complication in Friedel-Crafts alkylation is that the alkylbenzene products are 
more reactive than benzene itself (for reasons discussed in Sec. 16.58}. This means that the 
product can undergo further alkylation. and mixtures of products alkylated to different extents 
are observed. 


А АКТ, 
N / H = CHCI ж toluene, xvJenes, trimethylbenzenes, etc. (16.19) 


(equimelar amounts? 


(Notice also the product of double alkylation in Eq. 16.18.) However. a monoalkylation prod- 
uct can be obtained in good yield if a large excess of the aromatic starting material is used. For 
example. in the following equation the 15-fold molar excess of benzene ensures that а mole- 
cule of alkylating agent is much more likely to encounter a molecule of henzene in the reac- 
lion mixture than a molecule of the ethylbenzene product. 
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C 2 + Cog, ә Е (16.20) 


ethyl chloride 
benzene ethylbenzene 
(15-fold excess) (83% yield) 


(Notice also the use of excess starting material in Eqs. 16.14 and 16.18.) This strategy is practi- 


cal only if the starting material is cheap, and if it can be readily separated from the product. 
СЯ Alkenes and alcohols can also be used as the alkylating agents in Friedel-Crafts alkylation 
STUDY GUIDE LINK 16.2 reactions. The carbocation electrophiles in such reactions are generated from alkenes by pro- 
о ораса tonation and from alcohols by dehydration. (Recall that carbocation intermediates аге formed 
Intermediate in the protonation of alkenes and dehydration of alcohols; Secs. 4.7B, 4.9B, 10.1.) 
__Н;5О0, PF 
Ъз? "^ і 15.2] ) 
benzene  cyclohexene cyclohexylbenzene 


(65-68% yield) 


PROBLEMS 16.15 (a) Give a curved-arrow mechanism for the reaction shown in Eq. 16.21. 
(b) Explain why the same product is formed if cyclohexanol is used instead of cyclohexene 


in this reaction. [ 


16.16 What electrophilic substitution product is formed when 2-methylpropene is added to a large 
excess of benzene containing HF and the Lewis.acid BF,? By what mechanism is it formed? 


16.17 Predict the product of the following reaction and give the curved-arrow mechanism for its 
formation. (Hint: Friedel-Crafts alkylations can he used to form rings.) 


(a) 
HC JOCH CHC NO (a compound СН; + HCl) 


(b) Ñ 
C )-«њањоцоњ -а A (a compound СН, + НО) 


F. Friedel-Crafts Acylation of Benzene 


When benzene reacts with an acid chloride in the presence of a Lewis acid such as aluminum 
trichloride (AICI), a ketone is formed. 


| 1) AIC], (1.1 equiv.) i 
74 Dx a 2) H0 _ " y 
H --—C—cH.; -_——=> C—CH, + HCI (16.22) 
: acetyl chloride 
benzene (an acid chlaride) acetophenone 


(a ketone} 
(9796 vield) 


This reaction is an example of a Friedel-Crafts acviation (pronounced AY-suh-LAY-shun). 
In an acylation reaction, an acyl group is transferred from one group to another. [п the 
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Friedel-Crafts acylation, an асу group, ts pically derived from an acid chloride. is intro- 
duced into an aromatic ring in the presence of à Lewis acid. 


O O 
| | 
gC 1 K—t€-— 
an acid chioride an acyl group 


The eleetrophile in the Friedel -Cratts acs lation reaction is a carbocation called an ески 
row. This өш 1S formed when the acid chloride reacts with the Lewis acid AICH, 


-— 


M 

| ut a 

i + “+ t 

б Хака, —— [ES я> SUI AICE 416.23) 


avvlium in 


Weaker Lewis acids. such as FeCH and ZaCl.. сап be used to form. цеху Пой ions in 
Friedel-Crafts acy lations of aromatic compounds that are more reactive than benzene, 

The acylation reaction is completed by the usual steps of electrophilic aromatic substitution 
(Sec. I6. B x: 


*Q ‚| 
17 | T 
—(C t£ € cR | 
/ H | —- —— C —R- HEL- ACh 11624 
= R H 
_ - 
Cl — AIC, C] — Alc, 


As we'll learn in Sec. 19.6, ketones are weakly basie. Because of this basicity. the ketone 
product of the Friedel -Crafts acviation reacts with the Lewis acid in a Lewis acid-hase asso- 
eiution to form a complex that is catalvteally inaetive. This complex is the actual product of 
the acylation reaction, The formation of this complex has two consequences. First. at least one 
equivalent of the Lewis acid must be used to ensure tts presence throughout the reaction. No- 
tice. for example, that 1.) equivalent of AICT, is used in Eq. 16.22.) This is in contrast to the 
Friedel-Crafts атое, in which AIC], can be used in catalytic amounts; Second, the com- 
plex must be destroyed before the ketone product can be isolated. This is usually accom- 
plished by pouring the reaction mixture Into lee water, 


О: “АКЪ :Q — ACL —- 
| | complex af AICI: 


г ` ! —R —— А. fae with the ketone product 


16,25} 


í C—R ИС AOH, 
СҮ п 


Both Friedel-Crafts alkylation and acvlation. reactions can occur vitradiolectiarty when 
the product contains a Ave- or six-membered ring. (See also Problem 16.1703 
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ыр 5. j 
"CH; ate MA; 
лы OT vnm (w^ 
| | CH n | | TTC 
2“, D d TITRES 
a&-tetralone 
4-phenylbutanoyl SECO RC T 
chloride | ен 


In this reaction. the phenyl ring "bites hack" on rhe ics Hum ion within the same molecule to 
torm a мех compound. This type of reaction ean only occur at an adjacent ortho position 
heeause reaction ab other positions would produce highly steamed products. When five- or six- 
membered rings are Involved. this process is much Faster than reaction of the aes um ion w ith 
the phens | ring ot another molecule. (Sometimes this reaction сал be used to form larger rings 
as wella Thos is another illustration ot the proximity effect: the kinetic advantage of intra- 
molecular reactions (See. 11.7 BR 

The mulupi substituted products observed in Eriedel-Cratts еол (See, 16.4E) are 
mot à problem im Friedel-Crafts сеуле because the ketone products of acylation are much 
loss reactive than the benzene starting material, for reasons discussed in Sec. 16.5B. 

The Friedel-Crafts utk lation and acy lanon reactions are important for two reasons; First, the 
Ky lation reaction is useful for preparing certain alkyIbenzenes: and the acs lation reaction is an 
excellent method for the synthesis of aromatic ketones, Second, they pros ide other ways te form 
carbon. carbon honds. Here is an updated bist ob reactions that ferm carbon-carbon bonds, 


|. addition ot curbenes und carbenoids to alkenes (See. 9.8) 

2, reaction of Grignard reagents with ethylene oxide and lithium orsanocuprate reagents 
with eposides (See, ЯС) 

reaction ob acetylenic anions with alkyl halides er sulfonates (Sec. 14.7B) 

Diels- Alder reactions (Sec. 153.3) 

Friedel -Cralts reactions (Secs. 16.46 and 06.417) 


a = 


Charles Friedel and James Mason Crafts 


The Friedel-Crafts acylation and alkylation (Sec. 16.4Е) reactions are named for their discoverers, the 
French chemist Charles Friedel (1832-1899) and the American chemist James Mason Crafts 
(1839-1917). The two men met in Paris while in the laboratory of Charles Adolphe Wurtz 
(1817-1884), one of the most famous chemists of that time. In 1877, Friedel and Crafts began their 
collaboration on the reactions that were to bear their names. Friedel subsequently became a very ac- 
tive figure in the development of chemistry in France, and Crafts served for a time as president of the 
Massachusetts Institute of Technology. 


PROBLEMS | | . А : 
| PROBLEMS | 16.1% Give the structure of the product expected from the reaction of each of the following com- 
pounds with benzene in the presence of one equivalent of AICI., followed by treatment with 


water. 
(a) i (Б 1 
(CH,)CH—C—Cl ( jea 
isobutyryl chloride 


benzoyl chloride 


762 CHAPTER 15 * THE CHEMISTRY OF BENZENE AND ITS DERIVATIVES 


16.19 Show two different Friedel-Crafts acylation reactions that can be used to prepare the follow- 


| d. 
ing compoun Е CH; 
| 
GC - CH 
CH; 


16.20 The following compound reacts with AICI, followed by water to give a ketone A with the for- 
mula C,,H,,O. Give the structure of A and a curved-arrow mechanism for its formation. 


| 
ЕЕЕ 


ELECTROPHILIC AROMATIC SUBSTITUTION REACTIONS 
OF SUBSTITUTED BENZENES 


A. Directing Effects of Substituents 


When a monosubstituted benzene undergoes an electrophilic aromatic substitution reaction, 
three possible disubstitution products might be obtained. For example, nitration of bromoben- 
zene could in principle give ertho-, meta-, or para-bromonitrobenzene. If substitution were 
totally random, an ortho: meta: para product ratio of 2:2:1 would be expected. (Why?) It is 
found —€— that this substitution Is лог random, but 15 Mz 


NO, 
DE i (16.27) 
acetic “айел 
NO, 


bromobenzene 0-bromonitrobenzene re-brevannitrabenzene 
( 3695) (2%) 
p-bromonitrobenzene 
(62%) 

Other electrophilic substitution reactions of bromobenzene also give mostly ortho and para 
isomers. If a substituted benzene undergoes further substitution mostly at the ortho and para 
positions, the original substituent is called an ortho, para-directing group. Thus. bromine is 
an ortho, para-directing group, because all electrophilic substitution reactions of bromohen- 
zene occur at the ortho and para positions. 

Іп contrast, some substituted benzenes react in electrophilic aromatic substitution to give 
mostly the meta disubstitution product. For example, the bromination of nitrobenzene gives only 
the meta isomer. 


: FeBr; = 
heal Br 
nitrobenzene m-bromonitrobenzene 


(only product observed) 


Other electrophilic substitution reactions of nitrobenzene also give mostly the meta isomers. 
If a substituted benzene undergoes further substitution mainly at the meta position, the origi- 
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nal substituent group ts called a meta-directing group. Thus, the nitro group is a meta- 
directing group because all electrophilic substitution reactions of nitrobenzene occur at the 


meta position. 


A substituent group is either an ortho, para-directing group or a meta-directing group in 
all electrophilic aromatic substitution reactions; that is, no substituent is ortho, para directing 
in one reaction and meta directing in another. А summary of the directing effects of common 


substituent groups 15 given in the third column of Table 16.2. 


16.21 Using the information in Table 16.2, predict the product(s) of 


(a) Friedel-Crafts acylation of anisole (methoxybenzene) with acetyl chloride (structure in 
Eq. 16.23) in the presence of one equivalent of AICI, followed by H,O. 

(b) Friedel-Crafts alkylation of a large excess of ethylbenzene with стши in the 
presence of AICI. 


MELE summary of Directing and Activating or 
Deactivating Effects of Some Common Functional Groups 


(Groups are listed in decreasing order of activation.) 


Substituent group 
EE NH;, "Е NR; 
et OH 


—OR 


Name of group 
amino 


hydroxy 


alkoxy 


acylamino 


alkyl 


acyloxy 


phenyl 


halogens 


carboxy, carboxamido, 


carboalkoxy 


acyl 


sulfonic acid 
cyano 


nitro 


Directing effect 


ortho, para | 
directors 


1 


2L. 
À 
| 


meta 
directors 


Activating or 
deactivating 


å 


ra M 
еее та 
substituents. 


activating 
substituents 
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These directing effects occur because electroplhific substitution reactions ui one position of 
a benzene derivative ane armel faster than the same reactions ut another position. That ts. the 
substitution reactions ab the different ring postions are Ze competition. For example, in Eg. 
16,27, е and p hroemontrobenzenes are the major products because the rate of nitration ts 
greater al the ortho and para positions of bromobenzene than it is at the meta position. Under- 
standing these etlects thus requires an understanding of the factors that control the rates ot 
aromate substitution at gagh position, 


Ortho, Para-Directing Groups AI! of the ortho, para-directing substituents in Table 16.2 
are either day! groups or groups that пате unshared electron pairs on atoms directly attached 
to the benzene ring, Although other ts pes of ortho, para-directing groups are known. the prin- 
ciples on which ortho, para-directing effects are based eaa he understood һу considering elec- 
порі substitution reactions of benzene derivatives containing these ty pes ol substituents, 

First imagine the reaction of a general electrophile E^ with anisole (methoxy benzene. No- 
tice that the atom directly attached to the benzene ring (the oxygen of the methoxy group) has 
unshared electron pairs. Reaction of E* at the para position of anisole gives a carbocation in- 
termediate with the following four important resonance structures: 


— 


си. OCH. b QUIT. 
p" TON р par. MM n : B | 
H T 


i| 6.201 


The colored structure shows that the unshared electron pair of the methoxy group ean 
delocalize the positive charge on the carbocation. This es an especialls important structure be- 
cause и contains more bonds than the others. and every atom has an octet. 


PROBLEM 
16.22 Draw the carbocation that results from the reaction of the electraphile al the ortho position 


of anisole: show that this ion also has four resonance structures. 


It the cleetrophile reacts with anisole at the meta position, the carbocation intermediate 
that is formed has fewer resonance structures than the ten in. Eq. 16.29. de particular die 
charge cannot be delecatized ento the ОСН eroi when reaction occurs at the meta 
position. There is no structure that corresponds to the colored structure in Eg. 16.29, 


OCH, OCH, OCH, OCH 
g meta Е DEM "i - | 
EL e ^ ELM A 
a 
E H LE HH k HH 
116.404 


lor the oxygen to delocalize the charge. it must be adjacent to an electren-deticient carbon, as 
In Eq. 16.29. The resonance structures show that the positive charge ys shared on afrenate cur- 


STANDARD FREE ENERGY 
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CH;O 


less stable 
carbocation 
AG? intermediate 
{meta 
substitution) 
| 


AG? more stable 
(para carbocation 
substitution) intermediate 


faster reaction 


(a) | (b) 


reaction coordinates 


Figure 16.5 Basis of the directing effect of the methoxy group in the electrophilic aromatic substitution 
reactions of anisole. Substitution of anisole by an electrophile E* occurs more rapidly at (a) the para position than 
at (b) the meta position because a more stable carbocation intermediate is involved in para substitution. The 
dashed lines within the structures symbolize the delocalization of electrons. 


bons of the ring. When meta substitution occurs, the positive charge is not shared by the carbon 
adjacent to the oxygen. 

We now use the resonance structures in Eqs. 16.29 and 16.30 (as well as those you drew in 
Problem 16.22) to assess relative rates. The logic to be used follows the general outline given 
in Study Problem 15.3, page 715. А comparison of Eq. 16.29 and the structures you drew for 
Problem 16.22 with Eq. 16.30 shows that the reaction of an electrophile at either the ortho or 
para positions of anisole gives a carbocation with more resonance structures—that is. a more 
stable carbocation. The rate-limiting step in many electrophilic aromatic substitution reactions 
is formation of the carbocation intermediate. Hammond's postulate (Sec. 4.8D) suggests that 
the more stable carbocation should be formed more rapidly. Hence. the products derived from 
the more rapidly formed carbocation—the more stable carbocation—are the ones observed. 
Because the reaction of the electrophile at an ortho or para position of anisole gives a more sta- 
ble carbocation than the reaction at a meta position, the products of ortho, para substitution are 
formed more rapidly, and are thus the products observed (see Fig. 16.5). This is why the 
—OCH, group is an ortho, para-directing group. 

To summarize: Substituents containing atoms with unshared electron pairs adjacent to the 
benzene ring are ortho, para directors in electrophilic aromatic substitution reactions hecause 
their electron pairs can be involved in the resonance stabilization of the carbocation inter- 
mediates. 

Now imagine the reaction of an electrophile E* with an alkyl-substituted benzene such as 
toluene. Alkyl groups such as a methyl group have no unshared electrons. but the explanation 
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for the directing effects of these groups is similar. Reaction of E* at a position that is ortho or 
para to an alkyl group gives an ion that has one tertiary carbocation resonance structure (eol- 
огей structure in the following equation). 


CH; CH; же: CH, CH, 
І элг | ad Net 
para | | 
H i 2 T 
H ps ws i: 


tertiary carbocation 16 31Р 


Reaction of the electrophile meta to the аїКу] group also gives an ion with three resonance 
structures, but all resonance forms are secondary carbocations. 


CH, CH; CH, ОН, 
a Hed Р 
| LL — — 3H {16.373 
VIN 
H E H E H F 


+ 
Н Е 
Because reaction at the ortho or para position gives the more stable carbocation. alkyl groups 
are ortho, para-directing groups. 
Meta-Directing Groups The meta-directing groups in Table 16.2 are all poler groups 
that do not have an unshared electren patr on an atom adjacent to the benzene ring. The di- 
recting effect of these groups can be understood by considering as an example the reactions 
of a general electrophile E* with nitrobenzene at the meta and para positions. 
eO 
T | 
Н М 


pt 7 К; ~ nita 
^ 


(7: eO OQ 
| | J | 
E NS - “а. i ^ = 
. 3 [n WOO» " | (3: (16.33) 
+ + ACE 
TOT 
| 
wI 
+ ONG para 
[| 
Et 
(ә О: (> 
| | | 
=} I + ^ + r 
СЕРИ a еше кү. 
ш О: Г» О: 0: 
е i—i | x E —À- T 16,241 
l4 m^ H- Fin „> H- 
E Eo Е 


positive с harges on 
adjacent atoms 
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Both reactions give carbocations that have three resonance structures, but reaction at the para 
position gives an ion with one particularly unfavorable structure (red). In this structure, posi- 
tive charges are situated on adjacent atoms. Because repulsion between two like charges, and 
consequently their energy of interaction, increases with decreasing separation, the red reso- 
nance structure in Eq. 16.34 is less important than the others. Thus, the carbocation in Eq. 
16.33, with the greater separation of like charges, is more stable than the carbocation in Eq. 
[6.34. By Hammond's postulate (Sec. 4.8D), the more stable carbocation intermediate should 
be formed more rapidly. Consequently, the nitro group is a meta director because the ion that 
results from meta substitution (Eq. 16.33) is more stable than the one that results from para 
substitution (Eq. 16.34). 

In summary, substituents that have positive charges adjacent to the aromatic ring are meta 
directors because meta substitution gives the carbocation intermediate in which like charges 
are farther apart. Notice that not all meta-directing groups have full positive charges like the 
nitro group, but all of them have bond dipoles that place a substantial amount of positive 
charge next to the benzene ring. 


à 


О if 
E /f " І 
C S- OH 
| * | i 
T». 2 
acyl group 
TE EFOBE sulfonic acid 
group 


PROBLEMS | ж ' 
| PROBLEMS | 16.23 Biphenyl (phenylbenzéne) undergoes the Friedel-Crafts acylation reaction, as shown by the 
following example. 


| TUM 


biphenyl p-phenylacetophenone 
(a) On the basis of this result, what is the directing effect of the phenyl group? 
(b) Using resonance arguments, explain the directing effect of the phenyl group. 
16.24 Predict the predominant products that would result from bromination of each of the follow- 
x ing compounds. Classify each substituent group as an ortho, para director or a meta direc- 
tor, and explain your reasoning. 


(a) O (b) (c) 4 E 
NH—€—CH; 
(d) | (е) k 


а=. 


The Ortho, Para Ratio Ап aromatic substitution reaction of a benzene derivative bearing 
an ortho, para-directing group would give twice as much ortho as para product if substitution 
were completely random, because there are two ortho positions and only one para position 
available for substitution. However. this situation 15 rarely observed in practice: it is often 
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Found that the para substitution product is the major one in the reaction mixture. In some cases 
this result сип be explained һу the spatial demands of the eleetraphile. For. example. 
Friedel-Crafts aeviation of taluene gives essentialiy all para substitution product and almost 
no ortho produet, Phe eleetraphile cannot react at the ortho position without developing van 
der Waals repulsions with the methyl group that is already on the ring. Consequently. reaction 
occurs at the para position, where such repulsions cannot occur. 

Typically. para substitution predominates over ortho substitution, bub not always, For ex- 
ample, niration of toluene gives (ice as much e-nitroetoluene as p-nitroteluene, This result 
occurs because the nitration of toluene at either the ortho er para position is so fast that it oe 
curs on every encommer ol the reagents: thal 15. the energy barrier tor the reaction is mmstenil- 
want. Hence. the product distribution corresponds simply to the relative probability. of the re- 
actions. Beeause the ratio of ortho and para positions is 2:1, the product distriburton ts 2: 1. 
[n fact, the ready availability of o-nitrotetuene makes ах а good starting material for certain 
other ortho-substituted benzene dern aves, 

[In summary. the reasons Tor the ortho. para ratio vary from case to case, and i seme cases 
these reasons are not well understood. 

Whatever the reasons for the ortho, para ratio. ib an eleetrophilte arematie substituon re- 
achon vields à mixture ob estio and pare tomers. a problem of tomer separation arises that 
iust be solved if the reaction is to be илеш. Usually. ss ntheses that give mis tures of isomers 
are averded because. in man, cases, isomers are Але to separate; However. the ortho and 
para pomers obtained in many electrophilie aromatic substitution reactions have sufficientls 
different physical properties that thes are readily separated (See. 16.2). For example, the boil- 
ine ponts er e- and p-nirotoluene, 220°C and 238 "C. respectively, are sufficiently different 
thal these pomers eum be separated by careful Iractional distillation: Thus. either isomer can 
be obtained relatively: pure from the nitration of toluene. The melting points of o- amd p- 
chioronitrobenzene, 34°C and 84°С, respectively, are so different that the para isomer can be 
selectively ervstallized. As you learned in Sec. 16.2. the para omer of an ortho, para pair typ- 
шау has the higher melting point. often considerabiv higher. Most aromatic substitution re- 
actions are so simple and mexpensive to run that when the separation of romerie products is 
not ditfieult. these reactions are useful for organte synthesis despite the product mixtures ob- 
tained. Fhus. vou mas assume in working problems involving electrophilie aromatic substtu- 
tion on compounds containing orto. panedirecting groups that the рага tamer can be. isu- 
lated tn Useful amounts, For the reasons pointed out in the presious paragraph. e-nmtroteluene 
Is a relatively rare example af a readily obtained ortho-substituted benzene derivative, 


Activating and Deactivating Effects of Substituents 


Dilterent benzene derivatives have greatly different reuctivities in electrophilic aromatic sub- 
«tution reactions, Ша substituted benzene derivative reacts more rapidly than benzene itself. 
then the substituent group is said to be an activating group. The Friedel-Crafts acv]ation of 
anisole tmethoxybenzene], for example. is 300,000 times faster than the same reaction of ber- 
“ene under comparable conditions; Furthermore. anisole shows a similar enhanced reactivity 
relative lo benzene in all other electrophibe substitution reactions. Thus. the methoxy group is 
ап ecthvetitr: grep. 

On the other hand. if a substituled benzene derivative reacts more slows, than benzene il- 
self. then the substituent is called a deactivating group. For example. the rate for the bromi- 
nation of nitrobenzene is less than 107 times the rate for the bromination of benzene: further- 
more. nitrobenzene reacts much more stow]y than benzene 1n all ether electrophilie aromatic 
substitution reactions, Thus. the nitro group is a decctiveatim икон, 

A given subsituent group is either activating imn all electrophilic сонни substitution ге- 
actions or deactivating iu all such reactions, Whether a substituent is aetivatime or deaetivai- 
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ing dis shown in the Fast column of Table 16.2, p. 763. In this table the most activating sub- 
эшне groups are near the top of the table. Three generalizations emerge from examining this 


luble, 


1. All metiechresting groups are deactivaling groups. 
2. АП ortho, para-directing groups except for the halogens are aetisating groups. 
А. The halogens are deactivating groups. 


Thus, except for the halogens, there appears to be a correlation berween the activating and di- 
recling effects of substituents, 

in view ol this correlation, it is not surprising ihal the explanation of activating and deacti- 
vating eflects is closely related to the explanation for directing elfeets. A key to understand- 
ing these eifects is the realization that directing effects are concerned with the relative rates of 
substitution at different positions of the same compound. whereas activating or deactivatineg 
effects are concerned with the relative rates of substitution of diferent compounds substi- 
tuted benzene compared with benzene НУС Е. As in the discussion of directing effects, we con- 
Sider the effect of the substituent on the stability of the intermediate carbocation, and we then 
appls Hammond s postulate by assuming that ihe stability of this carbocation is related to the 
stability of the transition stare for its Formation. 

Two properties of substituents must he considered to understand activating and deactivat- 
img effects. First is the resonance effect of the substituent, The resonance effect of a sub- 
Мише group is the ability of the substituent to stabilize the carbocation intermediate in eleg- 
trophilic substitution by delocalization of electrons front the substituent into the ring. The 
resonance effect is the same effect responsible for the ortho, para-directing effects of sub- 
sueis with unshared electron pairs; such is —OCH, and halogen (colored structure in Ex. 
16.29, р. 764). We can summarize this effect with the following tuo of the four resonance 
structures for the carbocation intermediate in Eq. 16.29. 


fF И 
cu Н, 
е the resonances glied of e 
ч — 3 | | methoxy group stafifizes 
x the carbocation 
E H E H 


wo eb the four important 
Гем sre Eos | 


The second property is the pegar ресе of the substituent. The polar effect is the tendenes 
of the substituent group. by virtue of Hs electronegatsit y, lo pull electrons awas from the ring. 
This ts the same effect discussed in connection with substituent effects on acidity (Sec. ДАС, 
When a ring substituent is electronegative. d pulls the electrons of the ring toward itself and 
creates an eleciron deficiency. or positive charge. in the ring. In the carbocation intermediate 
of an electrophilic substitution reaction. the positive end of the bond dipole interacts repul- 
sn els with the positive charge in the ring, huis raising the enerey of the ion: 


А:ОСН; 


da 


p 


n = repulsive nmteraction 


the polar effect of the 
methoxy group destalutizes 
the carbocation 
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Thus. the electron-donating resonance effect of a substituent group with unshared electron 
pairs. if it were dominant, would steditize positive charge and would acrivare further substitu- 
tion. If such a vroup ts electronegative. its clectron-withdrawing polar elect if dominant, 
would destabilize posiuve charge and would deactivate further substitution. These two effects 
operate. simultaneousty апу in opposite directions. Whether a substituted derivative of Ben- 
gene Is activated or deactivated toward further substitution depends on the balance of the res- 
onance and polar effects of the substituent group: 

Anisale (methoxybenzene] undergoes electrophilic substitution much more rapidly than 
benzene because the resonance effect of the methoxy group tar ошм ееп its polar effect, The 
benzene molecule. in contrast. has no substituent to help stabilize the carbocation intermedi- 
ate by resonance. Hence, the carbocation intermediate (and the transition state) derived from 
the electrophilic substitution of anisole is more stable relative to starting materials than the 
carbocation cand transition state) derived from the electrophilic substitution of benzene. Thus, 
in à given reaction. the ortho and para substitution of anisole are [aster than the substitution of 
henzenc. In other words. the methoxy group activates the benzene ring toward ortho and para 
substitution., 

There is also an important subtlety here; Although the ortho and para positions of anisole 
are highly activated toward substitution, the meta position ts deactivated, When substitution 
occurs in the meta position, the methoxy group cannot exert its resonance effect (Eq. 16.30). 
and only its rate-retarding polar elfeet is operative. Thus, whether a group activates or deact- 
vates further substitution really depends on the рохе on the ring being considered. Thus, 
the methoxy group activates ortho, para substilunon and deactivates meta substitution. But 
this is just another way of saying that the methoxy group 15 an ortho. para director. Because 
ortho, para substitution Is the observed mode of substitution, the methoxs group is considered 
to be un activaung group. These ideas are summarized in the reaction free-energy diagrams 
shown in Fig. 16.6. 

The deactivating effects of halogen substituents reflect a different balance of resonance and 
polar effects, Consider the chlore group, for example. Because chlorine and oxygen have sim- 
Har electronepativities the polar effects of the chloro and methoxy groups are similar. How- 
ever, the resonance interaction of chlorine electron pairs with the ring is much less eifective 
than the interaction of oxygen electron pairs because the chlorine valence electrons reside in 
orbitals with higher quantum numbers, Because these orbilals and the carbon 2р orbitals of the 
benzene ring have different sizes and different numbers of nodes, they do not overlap so etfec- 
tively (Fig. 16.71. Because this overlap is the basis of the resonancec effect, the resonance effecl 
of chlorine is weak. With a weak rate-enhancing resonance effect and a strong rate-retarding 
polar effect. chlorine 15 à deactivating group. Bromine and todine exert weaker polar effects 
than chlorine, but their resonance effects are also weaker. (Why) Hence. these groups, too, are 
deactivating groups. Fluorine. as а second-periad clement, пах a stronger resonance etlect than 
the other halogens, but. as the most electronegative clement. it has а stronger polar effect as 
well. Fluorine is also a deactivating group. 

The deactivating. rate-retarding polar effects of the halogens are similar at all ring posi- 
tions, but are offset somewhat by their resonance effects when substitution occurs para to the 
halogen. However. the resonance effect of a halogen cannot come into play at all when substi- 
tution occurs al the mela position of а halohenzene. (Why?) Hence. meta substitution in 
halobenzenes is deactivated even more than рага subsutution is. This is another way of saying 
that halogens are ortho, para-directing groups. 

Alkyl substituents such as the methyl group have no resonance effect, but the polar effect 
of any alkyl group toward electron-deticient carbons is an electropositive. stabilizing eflect 
(Sec, 4. 7C). [t follows that alkyl] substituents on a benzene ring stabilize carbocation interme- 
diates in electropbilie substitution, and for this reason, thes are activating groups. It turns oul 


(exi cominies on p. 772] 


STANDARD FREE ENERGY 
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less stable 
H carbocation 


carbocation E AG intermediate 
inh a anisole 
AG? intermediate снб пар, 


benzene 
AG" more stable 
anisole carbocation 
(para) — intermediate 


faster reaction slower reaction 
than benzene than benzene 


reaction coardinates 


Figure 16.6 Basis of the activating effect of the methoxy group on electrophilic aromatic substitution in 
anisole. (а) The energy barrier for substitution of benzene by an electrophile E*. (Б) The energy barrier for substi- 
tution of anisole by E* at the para position. (c) The energy barrier for substitution of anisole by E* at the meta po- 
sition. (Notice that the diagrams for parts (b) and (c) are the same as parts (a) and (b) of Fig. 16.5, p. 765.) The sub- 
stitution of anisole at the para position is faster than the substitution of benzene; the substitution of anisole at 
the meta position is slower than the substitution of benzene. The methoxy group is an activating group because 
the observed reaction of anisole—substitution at the para pasition—is faster than the substitution of benzene. 


overlap of carbon and oxygen 2p orbitals overlap of carbon 2p 
(a) and chlorine 3p orbitals 
(b) 


Figure 16.7 The overlap of carbon and oxygen 2p orbitals, which is shown in part (a), is more effective than the 
overlap of carbon 2p and chlorine 3p orbitals, shown in part (b), because orbitals with different quantum numbers 
have different sizes and different numbers of nodes. The blue and green parts of the orbitals represent wave peaks 
and wave troughs, respectively. Bonding overlap occurs only when peaks overlap with peaks and troughs overlap 
with troughs. 
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that alkyl groups activate substitution at all ring positions, but they are ortho, para directors be- 
cause they activate ortho. para substitution more than they activate meta substitution (Eqs. 
16.31 and 16.32, p. 766). 

Finally, consider the deactivating effects of meta-directing groups such as the nitro group. 
Because a nitro group has no electron-donating resonance effect, the polar effect of this elec- 
tronegative group destabilizes the carbocation intermediate and retards electrophilic substitu- 
tion at alf positions of the ring. The nitro group is а meta-directing group because substitution 
is retarded more at the ortho and para positions than at the meta positions (Eqs. 16.33 and 
16.34, p. 766). In other words, the meta-directing effect of the nitro group is not due to selec- 
tive activation of the meta positions. but rather to greater deactivation of the ortho and para po- 
sitions. For this reason, the nitro group and the other meta-directing groups might be called 
meta-allowing groups. 


PROBLEMS | : UT ; Ө. 
16.25 Draw reaction-free energy profiles analogous to that in Fig. 16.6 in which substitution on 


benzene by a general electrophile E* is compared with substitution at the para and meta po- 
sitions of (a) chlorobenzene: (b) nitrobenzene. 


16.26 Explain why the nitration of anisole is much faster than the nitration of thioanisole under the 


same conditions. 


anisole thioanisole 


16.27 Which should be faster: bromination of benzene or bromination of N,N-dimethylaniline? 


Explain your answer carefully. 
Am 


N,N-dimethylaniline 


C. Use of Electrophilic Aromatic Substitution in Organic Synthesis 


Study Problem 16.2 


Both activating/deactivating and directing effects of substituents can come into play in plan- 
ning an organic synthesis that involves electrophilic substitution reactions. The importance of 
directing effects is illustrated in Study Problem 16.2. 


Outline a synthesis of p-bromonitrobenzene from benzene. 


Solution The key to this problem is whether the bromine or the nitro group should be the first 
ring substituent introduced. Introduction of the bromine first takes advantage of its directing effect 
in the subsequent nitration reaction: 


benzene bromobenzene p-bramoniirebenzene 
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[Introduction of the nitro group first followed by bromination would give instead m-bromonitroben- 
zene. because the nitro group is a meta-directing group. 


НО Bro, Fe 
— — d — E 


benzene nitrobenzene m-bromonitrobenzene 


Br 


(16.36) 


Hence, to prepare the desired compound, brominate first and fen nitrate the resulting bromoben- 
zene, as shown in Eq. 16.35. 


When an electrophilic substitution reaction is carried out on a benzene derivative with more 
than one substituent, the activating and directing effects are roughly the sum of the effects?of 
the separate substituents. First, let's consider directing effects. In the Friedel-Crafts acylation 
of m-xylene, for example, both methyl groups direct the substitution to the same positions. 


O 
s | Al; А | T Б 
ьа е онь 2235 С C—CH,+ НСІ (1637) 


substitution at 


this position ad СН; СН; 
is hindered by two 


ortho methyl groups | — "t-xylene (80% yield) 


Methyl groups are ortho, para directors. Substitution at the position ortho to both methyl 
groups is difficult because van der Waals repulsions between both methyls and the electrophile 
would be present in the transition state. Consequently, substitution occurs at à ring position 
that is para to one methyl and, of necessity, ortho to the other, as shown in Eq. 16.37. 

Two meta-directing groups on a ring. such as the carboxylic acid (—CQ,H) groups in the 
following example. direct further substitution to the remaining open meta position: 


COH COH 
S0 
+ HNO, = ёб + H,O (16.38) 
НОС HOC NO; 
1,3-benzenedicarboxylic acid 5-nitro-1,3-benzenedicarboxylic acid 


(96% of product) 


In each of the previous two examples, both substituents direct the incoming group to the 
same position, What happens when the directing effects of the two groups are in conflict? If one 
group is much more strongly activating than the other, the directing effect of the more power- 
ful activating group generally predominates. For example, the — ОН group is such a powerful 
activating group that phenol can be brominated three times, even without a Lewis acid catalyst. 
(Notice that the —OH group is near the top of Table 16.2, p. 763.) 
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OH OH 
Dr Вт 
! li 
|} + 3Br, ~ iHBr (16.39) 
M 
phenol Br 


2,4,6-tribromophenol 
quantitative: 
virtually instantaneous 


After the first bromination. the — OH and — Br groups direct subsequent brominations to dil- 
lerent positions, The strong activating and directing effect of the —OH group at the ortho and 
Br group, 


para positions overrides the weaker directing effect of the 
in other cases. mixtures of isomers are typically obtained. 


C] Cl CI 
Р. NO P 
| HONO, _ | (16.401 
€ M. 
NO. 
CH, CH; 


4-chloro-3-nitrotoluene 4-chloro-2-nitrotoluene 
[1314] | ч | 


PROBLEM 
| PROBLEM | 16.28 Predict the predominant product(s) from: 


(2) monosulfonation of 2i-brometoluene tb) mononitration of m-bromoriodobenzene 


4-chlorotoluene 


You ve just learned that the activating and directing effects of substituents must be taken 
RA mlo account in developing the strategy for an organic synthesis that mvyolves a substitution re- 
Suny GUIDE ла action on an aiready-substituted benzene ring. The activating or deactivating effects of sub- 
Reaction Conditions stituents in an aromatic compound also determine the comeditiens that must be used in an elec- 
апа явасшиициш trophihe substitution reaction; The bronunation of nitrobenzene. for example (Ец. 16.28, 
р. 762). requires relatively harsh conditions of heat and a Lewis acid catalyst because the nitro 
group deactivates the ring toward electropoilic substitution, The conditions in Eq. 16.28 are 
more severe than the conditions required for the bromination of henzene itself because ben- 
zene Is the more reactive compound. An even more dramatic example in the other direction is 
provided by the bromination. of mesitylene (1.3.5-trimethylbenzene! Mesitvlene сап be 
brominated under very mild conditions, because the ring is activated by three methyl] groups; 

a Lewis acid catalyst is not even necessary. 


Hr 
HC CH НС. CH; 


с | te 
r Br — 
: CC, 


~ HBr 416411 
Cii CHa 


| (SU viele 
mesitylene ' 
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A similar contrast is apparent in Ihe conditions required to sulfonate benzene and toluene. Sul- 
fonation of benzene requires fuming sulfuric acid (Ey. 16.12. p. 7551. However. because 
toluene is more reactive thua benzene. toluene ean be sulfonated with concentrated sulturic 
acid, a milder reagent than faming sulfune асн). 


AAC tfbsO, — ||. N / SH c HO 116.423 


toluene p-toluenesulfonic acid 


Another very important consequence of activating amd deactivating effects is that when и 
deactivating eroup—for example, a nitro sroup—is being introduced by an electrophilic sub- 
stitution reaction, it Is easy to introduce one group at a ine, because the products are fess re- 
active than the reactants. Thus, toluene can be nitrated only once because the nitro group that 
is introduced retards а second nitration on the same ring. The following three equations show 
the conditions required for successive nitrations. Notice that each additional nitration requires 
harsher conditions. 


/ му, HNO, 130g | 
) LN CH: ~ or ! ap ; 
CH, TARA (7, „Н. ortho Isomel Те Чат 
- it’) Dh 
toluene 4-nitrotoluene 
Ме 
МО. 
" Hi ТЕЧ r ` 
MR | = LN CH 
SIM! i 11, [ISO OR gr |). E (1/6446) 
Tuy ot | 3min 
4-nitrololucne 2,4 -dinitrotoluene 
^n u БИШ wield 
NO- NO. 
| . HTO e fummis PNG, 
OLN / N CH, — - CUN CH, 16.4202) 
7 EN | LE SO. 16st ~ | 
120 €. 5h 
2,4-dinitrotoluene NO- 


30g 
2, 4,6-trinitrotoluene 
“TNT” 
(Ub hg, yield | 


Fuming aitric acid (Eq. 1643c) is an especially concentrated ferm of nitrie acid. Ordinary nitric аси 
contains 68% by weight of nitric acid; fuming nitric acid is 93^: by weight nitrie acit J owes its 
name to the laver of colored fumes usual present tn the bottle of the commercial product, Puming 
niriy avid dis a much harsher (thal is. more reactive} nilealing reagent than nitric acid itself. 


In conirast, when an activating group is introduced by electrophilic substitution, the prod- 
ueis are anore reactive than the reactants; conseguenti. additional substitutions ean eccur cias- 
Пу under the conditions of the first substitution and, us a result, mixtures of products are oh- 
tained, This is the situation in Friedel-Cratts aths lation. As noted in the discussion of Eq, 
16.19 tp. 7581, one way Io avoid multiple substitution im such cases 15 to use a large excess of 
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the starting material {Friedel-Crafts alkylation is the only electrephilie aromatig substitution 
reaction discussed in this chapter that introduces an aerating substituent. ) 

some deactivating substituents retard some reactions te the point that they are not useful. 
l'or example, Friedel Crafts deviation (Sec. 16.4 F) does nol occur on a benzene ring substi- 
ше sefefy with one or more meta-directing groups, In facet; nitrobenzene is so unreactive 
in the Friedel-Cratts acsiation that it can fe used as the solvent in the aes lation of other aro- 
mate compounds! штату. the Friedel Crafts af&viarion (Sec. 16:40 is generally. too 
Мом do be useful on compounds that аге more deactivated than benzene itself even 
halohensenes. 


OBLEMS Р : - е: | и 
16.29 In each of the following sets, rank the compounds in order of increasing harshness of the re- 


action conditions required to accomplish the indicated reaction. 
(a) sulfonation of benzene, m-xylene, or p-dichlorobenzene 
(b) Friedel-Crafts acylation of chlorobenzene, anisole, or toluene. 


16.30 Outline a synthesis of m-nitroacetophenone from benzene; explain your reasoning. 


О 
| 
ON C— CH; 
| 
m-nitroacetophenone 


Because of its aromalie stability. the benzene ring is resistant to conditions used to hydro- 
penate ordinary double bonds, 


С / aru ) t H5 BUE ЕЕ Ее: EELE SE, 


stilbene (2-phenylethyl)benzene 
CIS or trans] (bibenzyl) 
SIS viele i 


Nevertheless, aromatic rings can be hydrogenated under more extreme conditions of temper- 
ature or pressure (or hoth?, and practical laboratory. apparatus thal can accommodate these 
conditions 18 readily avadable. Typical conditions for carrying out the hydrogenation ol ben- 
fene derivatives include Rh or Pt catals sts at 5-10 atm of hydrogen pressure and 80-100 °C, 
er Nior Pd catalysts at 100-200 aun and 100. 200 ?C, For example, compare the conditions 
for the following fis drogenation with those for the hydrogenation in Eg. 16 44. 


à SI 1 » E | 
y С.Н, - 311. ——— (C J—CUC.H4 (16,45) 
| 560 anm | E 
D ЭЕ. 
ethylbenzene ethyleyclohexane 


(9s yield: 


16.7 SOURCE AND INDUSTRIAL USE ОЕ AROMATIC HYDROCARBONS РГ] 


As this example illustrates, a good way lo prepare a substituted eselobesane in many cases ts 
to prepare the corresponding benzene deriatise amd then b drosenate it. 

Catalytie hydrogenation of benzene Чилу пусу gives the corresponding evelohexsanes and 
cannot be stopped at the exetohexadiene er cyclohexene stage; The reason follows from the 
enthalpies of hydrogenation of benzene. F3-eselebexadiene. and evelohexene, 


е + Il, —- © AHE = оф Кто s kcal mol 1) (16 46m 


s Ex 
-[l ж | МГ ЕЧ mol. ¢ 26.5 Катор (166b) 
Mm 


is 
er — y е АР — ëk mol!i 282 kcal mol ^. (l6 toi 


The hsdrogenation of most ordinary. alkenes is exverfcemie by 113-126 KI mol! (27-30 
keal mol E yer the reaction in Lg. 16.460 18 endeticradc. The unusual АА? of this reaction 
reflects the aromatic stability of benzene, [n fact; the AA? of hydrogenation of benzene can he 
used to provide another estimate of the empirical resenamee energy of benzene —the uromatie 
stabilization energy ol benzene (See. 15.701. HE benzene were an "ondimary" alkene. the АЁ" 
of hydrogenation ol its three "endfimnars double bonds should be about the same as that ob three 
evclohesenes, which. Irom Eq. [6:466 А 4 (7 1182) ААДА mol t 85 keal mol. The 
actual АА? of hydrogenation of benzene is obtained by adding the MAT values of Egs. 
16.463 e to obtain 208 KJ mol (€ 49 keal mol! i The difference. which is the empirical 
resonanee energy of benzene, is 149 KT mol 7 (36 keal mol"). This is vers similar to the es- 
umate obtained in See. 15.70 041 KJ mol? . 34 keal mol by comparing the heats ef forma- 
Won of benzene and eyelooctatetraene (COT i 

Because the irst hydrogenation reaction of benzene is endothermic, energy must be added 
l'or it to Luke phice—thus. the harsh conditions required Tor the hydrogenation of benzene de- 
rivatives. The hydrogenations of 1.3-cy clohesadiene and exelohexene proceed so rapidis 
under these vigorous eonditions that once these compounds are formed in the hydrogenation 
ol benzene. they react instantaneous. 


PROBLEM 
| PROBLEM 16.31 Using benzene and any other reagents, outline a synthesis of eaeh of the following 


compounds. 
(а) cyclohexyleyclohexane (Б) terr-butyleyclohexane 


SOURCE AND INDUSTRIAL USE OF 
AROMATIC HYDROCARBONS 


The most common source of aromatic hydrocarbons is petroleum. Some petroleum sources are 
relatively rich in aromatic hydrocarbons, and aromatic hydrocarbons can be obtained by cal- 
alde re-Torming of the hydrocarbons trom other sources; Another potentially important, but 
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currently minor. source of aromatic hydrocarbons is сос tan the тагт residue obtained when 
voal is heated in the absence of oxygen. Onee a major source of aromatic hydrocarbons, coal 
(аг may inerease im importance as a source of aromate compounds as the use of coal increases, 

Benzene itself is obtained by separation from petroleum fractions and h demethylation of 
toluene. The world ide annual production of benzene is about 26 bilhon gallons. with about 
20 coming from the United States. Benzene serves as a principal source of ethylbenzene. 
styrene, and cumene (see Ry. E6171. and us one of the sources of eyelohexane, Because 
evclohexane is an important intermediate in the production of nylon (Sec, 21.12, benzene 
has substantial immportanee to the nylon industry. 

Toluene is ulo obtained by separation from. reformarea, the products of hydrocarbon 
inlerconversion over certain catalysts. As noled in the previous paragraph, some toluene is 
used in the production of benzene. Toluene ts also used as an octane booster for gasoline and 
as а starting material im the polyurethane industry, 

EihyIlbeneene and cumenc are Obtained by the alkylation of benzene with ethylene and 
propene, respectively, in the presence of acid catalysts (Friedel-Crafts alkylation). 


AICI /HC!) 
ar HSO; 


- CH,CH=CH, (lod?) 


propene 


cumene 


Cumene is an important intermediate in the manufacture of phenol and acetone (Sec. 18.10). 
The major use of eths Ibenzene is for dehydrogenation to styrene (PhCH CH.) one of the 
most commerenidly imporlant aromatic hydrocarbons. [ts principal uses are in the manufacture 
ol polystyrene iSee. 5.7) and styrene-butadiene rubber (See. 15.51. The worldwide annual 
production of styrene is about £5 billion gallons; about 256° of which comes from the United 
Slates, 

The xylenes (dimethyl benzenes) are obtained by separation trom petroleum and by reform- 
ing C, petroleum fractions. Of the xylenes. p-xylene is the most important eommercially. Yir- 
tually the entire production of p-xylene is used for oxidation to terephihalic acid (Eq. 16,481. 
an important intermediate in polyester synthesis (for example. Daeron; Sec. 21.12A3. (Oxida- 
ton ef alkyIbenzenes is discussed in Sec. 17.5.) 


— =— 


Hic) CH; + O; Ee S. Oo QO2-€00:H deas 


heal 


p-xylene terephthalic acid 


The relationships of many of the compounds discussed here to the chemical industry as а 
whole are shown in Fig. 5,4 ip. 218). 


Aromatic Compounds and Cancer 


Most people understand that certain chemicals are hazardous. Among the most worrisome 
chemical hazards is carcinogenicity—the proclivity of a substance to cause cancer. Some aromatic 
compounds are carcinogens. Carcinogens are cancer-causing chemicals. Both the historical as- 
pects of this finding and the reasons underlying it are interesting. 

After the great fire of London in 1666, Londoners began the practice of building homes with long 
and tortuous chimneys. The use of coal for heating resulted in deposits of black soot that had to be 
periodically removed from these chimneys, but the only people who could negotiate these narrow 
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passages were small boys, called "sweeping boys." It was common for these boys to contract a dis- 
ease that we now know is cancer of the scrotum. In 1775, Percivall Pott, a surgeon at London's St. 
Bartholomew's Hospital, identified coal dust as the source of "this noisome, painful, and fatal dis- 
ease," and Pott's findings subsequently led to substantial reform in the child-labor statutes in Eng- 
land. In 1892, Henry T. Butlin, also of St. Bartholomew's, pointed out that the disease did not occur in 
countries in which the chimney sweeps washed thoroughly after each day's work. 

In 1933, the compound benzo[a]pyrene was isolated from coal tar; this compound and 7,12- 
dimethylbenz[a]anthracene, both polvcyclic aromatic hydrocarbons, are two of the most potent car- 
cinogens known, 


benzo[a]pyrene Н» 


7,12-dimethylbenz[a]anthracene 
(7,12-DMBA) 


These and related compounds are the active carcinogens in soot. Materials such as these are also 
found in cigarette smoke and in the exhaust of internal combustion engines (that is, automobile pol- 
lution). About three thousand tons of benzo[a]pyrene per year is released as particulates into the 
environment. 

Benzene has also been found to be carcinogenic, and it has been supplanted for many uses by 
toluene, which is not carcinogenic. (Not ail aromatic compounds are carcinogens.) However, ben- 
zene is much less carcinogenic than the polycyclic hydrocarbons shown here and continues to be 
used with due caution in applications for which it cannot be readily replaced, particularly in the 
chemical industry. 

Organic chemists and biochemists have learned that the ultimate carcinogens (true carcinogens) 
are not aromatic hydrocarbons themselves but, rather, certain epoxide derivatives. The diol-epoxide 
shown in Eq. 16.49, formed when living cells attempt to metabolize benzo[a]pyrene, is the ultimate 
carcinogen derived from benzo[a]pyrene. 


living tissue 
oe 


16.4 
(enzymes, Оз) (1649) 


benzo[a]pyrene 


benzo[a]pyrene 
diol-epoxide 


This transformation is particularly remarkable in view of the usual resistance of benzene rings to ad- 
dition reactions. This type of oxidation is normally employed as a detoxification mechanism; the ox- 
idized derivatives of many hydrocarbons, but not the hydrocarbons themselves, can be secreted in 
aqueous solution and thus removed from the cell. Benzo[alpyrene diol-epoxide, however, survives 
long enough to find its way into the nuclei of cells, where the epoxide group reacts with nucleaphilic 
groups on DNA, the molecule that contains the genetic code (Eq. 25.53, p. 1254). It is strongly sus- 
pected that this is a key event in the transformation of cells to a cancerous state caused by 
benzo[a]pyrene. 
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KEY IDEAS IN CHAPTER 16 


Benzene derivatives are distinguished spectroscopi- 
cally by the NMR absorptions of their ring protons, 
which occur at greater chemical shift than the absorp- 


Guide and Solutions Manual. 


positions; these substituent groups are called ortho, 
para-directing groups. 


tions of vinylic protons. The unusual chemical shifts of B Benzene rings with electronegative substituents that 
aromatic protons are caused by the ring-current ef: cannot stabilize carbocations or delocalize positive 
fect. The "C NMR absorptions к ring carbons areob- charge by resonance typically undergo substitution 
served in about the same part of the spectrum as the at the meta position. These substituents are called 
absorptions of the vinylic carbons of alkenes. Meta CTR grips 
The most characteristic reaction of aromatic com- Œ Whether a substituted benzene undergoes substitu- 
pounds is electrophilic aromatic substitution. In this tion more rapidly or more slowly than benzene itself 
type of reaction, an electrophile is attacked by the a is determined by the balance of resonance and polar 
electrons of a benzene ring to form a resonance- effects of the substituents, Monosubstituted benzene 
stabilized carbocation. Loss of a proton from this ion rings containing an ortho, para-directing group other 
gives a new aromatic compound. than halogen react more rapidly in electrophilic aro- 
" . xe. matic substitution than benzene itself. Monosubsti- 
Examples of electrophilic aromatic substitution reac- | : : i "f M xd 
ч и pee tuted benzene rings containing a halogen sub- 
tions discussed in this chapter are halogenation, used ' ыа ove | 
cw stituent or any meta-directing group react more 
to prepare halobenzenes; nitration, used to prepare н " 2 ө. 
| de | slowly in electrophilic aromatic substitution than 
nitrobenzene derivatives; sulfonation, used to prepare бынан ка Th af fere nca R да c 
benzenesulfonic acid derivatives; Friedel-Crafts alkyla- mise кш P 
tion, used to prepare alkylbenzenes;and Friedel-Crafts gny | 
acylation, used to prepare aryl ketones. B The activating and directing effects of substituent 
Derivatives containing substituted benzene rings can groups must be taken into account when planning a 
undergo further substitution either at the ortho and synthesis. 
para posibons or at the meta position, depending on ш Alkene double bonds can generally be hydrogenated 
the ring substituent. without affecting the benzene ring. Benzene deriva- 
Benzene rings with alkyl substituents or substituent tives, however, can be hydrogenated under relatively 
groups that delocalize positive charge by resonance harsh conditions to cyclohexane derivatives. 
typically undergo substitution at the ortho and para 
REACTION ia VEW For a summary of reactions discussed in this chapter, see Section R, Chapter 16, in the Study 


ADDITIONAL PROBLEMS 


16.32 Give the products expected (17 any) when ethylbenzene 


reacts under the following conditions. 

(a) Br. in ССІ, (dark) (b) HNO; H.5O, 
(c) concd. H.50, 

(d) О 


| 
СНС Сі, AIC], (1.1 equiv. j, then Н. 
ie) CH,Br, АКЛ, if) Br,, FeBr, 


16.32 Give the products expected (if any) when nitrobenzene 


reacts under the following conditions. 
(a) Cl; FeCl, heat (b) fuming HNO, H.SO, 
(cl Q 


НСС — СЇ, AIC, (1.1 equiv.), then HO 


16.24 Which of the following compounds camur contain а 
benzene ring? How do vou know? 


С.Н [Г Cyl ГС!» CH, Cil | | М 


А В C D 


16.35 (а) Arrange the three isomeric dichlorobenzenes in 
order of increasing dipole moment (smallest first}. 
(b) Assuming thal the dipole moment is the principal 
factor governing their relative boiling points, 
arrange the compounds from part (a) in order of in- 
creasing boiling point (smallest first). Explain your 
reasoning. 


16.36 Explain how you would distinguish each of the follow- 
ing isomeric compounds from the others using NMR 
spectroscopy. Be explicit. 


T Cl 
\ В 
Н.С CHCI 
E 
CH; 
C 


16.27 Explain how you would distinguish between ethylben- 
zene, p-xylene. and styrene solely by NMR spec- 
iroscopy. 


16.38 Explain why 
(a) the NMR spectrum of the sodium salt of 
cyclopentadiene consists of a singiet. 


2х Ма 


sodium salt of cyclopentadiene 


(Б) the methyl group in the following compound has 
an unusual chemical shift of 8 (— 1.67), about 4 
ppm lower than the chemical shift of a typical al- 
Ihe methyl group. 


| оф 


\ 
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16.39 Show how resonance interaction of the electron pairs 
on the oxygen with the ring 7 electrons can account 
for the fact that the chemical shift of protons Н“ in p- 
methox ytoluene is smaller than that of protons H” in 
spite of the fact that the oxygen has a greater elec- 
lronegalivity than the methyl carbon. 


568 — Н" Н! 


CH;O- CH, 


[6.38 Outline laboratory syntheses of each of the following 
compounds, starting with benzene and any other 
reagents. (The references to equations will assist you 
with nomenclature.) 

(a) p-nitrotoluene 

(hb! p-dibromobenzene 

(c) p-chloroacetophenone (Eq. 16.22, p. 759) 

(d) #-nitrobenzenesulfonic acid (Eq. 16.12, p. 7531 
(e) p-chloronitrobenzene 

(ft 1.3, 5-mimitrobenzene 

(2) 2,6-dibromo-4-nitrotoluene 

(hi 2.4-dibromo-6-nitrotoluene 

(i) 4-ethyl-3-nitroacetophenone (Eq. 16.22, p. 759) 
(p cyclapentyibenzene 


16.41 Arrange the following compounds in order of inereas- 
ing reactivity toward HNO, in Н,50,. (The references 
to equations will assist you with nomenclature.) 

(a) mesitylene (Eq. 16.41. p. 774). toluene, 1,2,4- 
irimethylbenzene 

(b) chlorobenzene, benzene. nitrobenzene 

(€) m-chloroanisole, p-chloroanisole, anisole 

(d acetophenone (Eq. 16.22, p. 759), p-methoxy- 
acetophenone. p-bromoacetophenone 


16.42 Indicate whether each of the following compounds 
should be nitrated more rapidly or more slowly than 
benzene, and give the structure of the principal 
mononilration product in each case. Explain your 

' reasoning. | 
(а) 
ВОН), 


benzgeneboronic acid 


р) + 
МСН, ), 


{Problem cominues) 
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ber gr [= 
aN », 
biphenyl 
uli (CH, 


16.43 Rank the following compounds im order of increasing 
reach ity in bromination, In euch vase. indicate 
whether the principal monobromination products will 
Pe adire ortho amd para pontiers or the meta isomer. and 
whether the compound will he more or less reactive 
than benzene. Explain carefully ine points that cause 
ans uncertain. 


Ts Ci cT 
x ? N / 


4 


РА ps ra Е 
: SICH, CH. 
E! f | Е NN Р. | 


"я 


= 


10.44 Nitration of phens 1 acetate tcompound A1 results in 
para substitution of the nitro group, However. mitra 
tiem of dimeths! phenyl phosphate (compound 81 re- 
SiS in meta substitution of the nitro group. Suggest а 


генде that the bio compounds nitrate tm different pu- 


SLOTS. 
(1 ( 
| j \ | 
HC — i—i} a UH GO —Рр—{ 
OMT, 
E 
Н 


16.45 Give two Friedel Crale acy dation reactions that could 
he used to prepare 4-methoss benzophenone. Which 
reaction would he faster er eceur under milder condi- 


thas? Explain. 


i=" 


г 


Е ж QUIT, 
pu P. pr : 
^ f " 


4-methoxybenzaphenone 


16.46 “Pwo alcohols; A and B. have the same molecular боге 
mula CHO and react with sulfuric acid to eise the 
ame hydrocarbon C. Compound А is eptivally active, 
and compound 2 is not. Catals ge hsdrosenatan ef € 
wives a In drocarbon D. CE. which gives two and 
on[s two product when nitrated once with HNO, in 
H.50, Case the structures of A. B. C. and D. 


16.47 Give the structures ef all ie hydrocarbons CUT, (Dat 
would andereo catalytic Вл drogenation to gie pedi- 
ethylbenzene. 


16.48. Suggest a reason that ihe A, values and intensities of 


ШЕ 
the UN absorptions et syrene (PACH — CHE. and 

phens lacetviene РВС CH are essentially identicid 
eventhough репу lacets lene contains ап additional т 


bon. 


16.49 Diphens Isulfene is a by -preduct irat is formed in the 
sulfonation ef benzene. Give a curved-amow mecha- 


nism for 18 Formaten, 


i} 
(—N d Áo 
, ч ; 
Мо? | NN E/ 
L] 
diphenylsultone 


16.30. Sulfonatien, unlike most other electrophilie aromatic 
substitution reaelions. is reversible. Benzenesultonic 
acid (structure in Eg. [6.12. pi. 7551 ean be converted 
into benzene and 1-8O, with hot water (steam. Write 


à curved-arroe mechanism for this reaction. 


16.51 When the following compound is treated with H.50.. 
the product af the resulting reaction hus the formula 
С.Н. and does net decolorize Br; in COL, Sugeest а 
structure for thin produet and give a curved-arrow 


mechanism for 108 Formation, 


16.52. Семее. а ретте agent with à mush odor. 15 
prepared by the sequence of reactions given in Fig. 
io. 

(аз Give the cursed-arros mechanism fer ihe 


lormatien of compound А (reaction a. 


16.53 


(b? [n your mechanism, identify the three basic steps 
of electrophilic aromatic substitution discussed in 
sec. 16.4В. 

(c) What product would be obtained in reaction ё if 
this reaction followed the usual directing effects of 
alkyl substituents? Suggest a reason that celestolide 
is formed instead. 


When styrene is treated with a sulfonic acid catalyst 
(RSO,H) іп cyclohexane solvent. an alkene X (CH 
is formed that 15 slowly transformed into isomeric 
compounds Y and Z (Fig. P16.53). Provide à curved- 
arrow mechanism for the formation of Y and Z. which 
should include a structure for alkene X. 


[й ! 


[6.54 The solvolysis reaction of 2-bromooctane in ethanol is 


relatively slow. However, this reaction is accelerated 
by the addition of silver ion (as AgNO,). and one of 
the products is AgBr. Explain how Ag* accelerates the 
reaction. (Hint: See Eg. 16.15с, р. 757.) 


{ C H iac 
OH 13550, 
| I 
шан 


CH; 
H C CH 
(CH: RC 
А 
Figure P16.52 
CH=CH, 
RHAH R5CHH 
(СН) 
styrene 


Figure P16.53 
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16.55 When 2-bromooctane is heated with tetraethylammo- 


nium nitrate in acetonitrile (a polar aprotic solvent), a 
sluggish reaction occurs, and the product is exclusively 
the nitrate substitution product A. When AgNO, is 
added to the reaction mixture, the reaction is acceler- 
ated more than 100-fold and the products include not 
only A but also 10-15% of alkenes B and С, as shown 
in Fig. P16.55, p. 784. Explain the effect of AgNO., 
including the formation of the alkene products. 


An optically active compound А (С.Н, Br) reacts with 
sodium ethoxide in ethanol to give an optically inac- 
tive hydrocarbon B (NMR spectrum in Fig. P16.56, 

p. 784). Compound # undergoes hydrogenation over a 
Pd/C catalyst al room temperature lo give a compound 
С. which has the formula C,H,,. Give the structures of 
A, B. and €. 


ib HO 


С} 
i -- а H.C CH, 
I3 НСС Сі m vs - 
АС (equiv) — (CH3AC 
ih) 
{> 
P d" 
O CH; 
celestolide 
CH, CH, 
ur 
+ | 
x 
Ph Ph 
Ж 
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16.57 [dentify each of the following compounds. 16.58 A method for determining the structures of disubsu- 

(a) Compound 4: IR 1605 ст, no O—H stretch tuted benzene derivatives was proposed in 1874 by 
NMR: 6 3.72 (3H, s): 6 6.72 (2H. apparent doublet, Wilhelm Körner of the University of Milan. Körner 
J= 9Hzy 67.15 (2H, apparent doublet, / = 9 Hz). had in hand three dibromobenzenes. A. З, and C, with 
Mass spectrum in Fig. P16.57a. (Him: Notice the melting points of 89, 6.7, and —6.5 °С, respectively. 
M + 2 peak.) He nitrated each isomer in turn and meticulously iso- 

(b) Compound В (C,,H,.O): IR 965, 1175, 1247, lated aff of the mononitro derivatives of each. Com- 
160%, 1640 cm" ': no O—H stretch. NMR in pound A gave one mononitro derivative; compound # 
Fig. 16.576. gave two mononitro derivatives: and compound C 
UV: A, (ethanol) 260 (e = 18,200); this gave three. These experiments gave him enough 
Is а greater wavelength and about the same information to assign the structures of o-. m-, and 
Intensity as the UV spectrum of styrene. p-dibromobenzene. 


€ "PT 
EA EUR А + (CH: )4N ONO, and/or Ag ONO, 


acetonitrile 

tetraethylammonium silver [ solvent? 
Br nitrate nitrate 
2-bramooctane 
HC J5 
CH,CH(CH;),CH, + НС =СН(СН,);СН, + с=с 
ONO, 1-осіепе H (CH: 4CH, 
А В 


рг tramnms-2-octene 
2-nitroxvoctane 


A E 
+ = 
+ (CHj44N Br and/or AgBr 


Figure P16.55 


chemical shitt, Hz 
2400 2100 1 800 1500 1200 900 600 300 ü 


3H 


8 7 % 5 4 3 2 [ 0} 


chemical shift, ppm (5) 


Figure P16.56 The NMR spectrum for Problem 16.56.The integrals are shown in red over the peaks. 


(a) Assuming the correctness of the Кекше structure 
for benzene. assign the structures of the dibro- 
mobenzene derivatives. 

(b) Kérner had no way of knowing whether the Kekule 
or Ladenburg benzene structure (p. 718) was cor- 
rect. Assuming the correctness of the Ladenburg 
benzene structure. assign the structures of the di- 
bromobenzene derivatives. 

(c) lt is a testament to Kórner's experimental skill that 
he could isolate all of the mononitration products. 
Of all the mononitration products that he isolated, 
which one(s) were formed in smallest amount? 
Explain. 


Compound А 


relative abundance 


ИЙ ттт ТТЕР ИТ AAA FTIIT Pt S ETT 
бс lk 90 эй 4ü 50 60 
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(d) Jack Körner. Wilhelm's grandnephew twice 
removed. has decided to repeat great-uncle 
Wilhelm's experiment by using "C NMR to iden- 
tify the dibromobenzene isomers. What differences 
can he expect in the C NMR spectra of these 
compounds"? 


16.59 Give the structures of the principal organic product(s} 


expected in each of the reactions given in Fig. P16.59 


оп p. 786. and explain your reasoning. 


90 100 110 120 130 14 


(al mass-Lo-charge ralio ri/z 


chemical shiti. Hz 
240 2100 ] 800 1500 ] 200 900 600 300 {) 


2H 2H 


ih} chemical shift, ppm (5) 


Figure P16.57 (а) The mass spectrum of compound А in Problem 16.57a.(b) The NMR spectrum of compound 
B in Problem 16.57b. The integrals are shown in red over the peaks, and the coupling constants are shown in 
violet. 
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16.60 Would 1-methoxynaphthalene nitrate more rapidly 16.62. Given that anisole (methoxybenzene) protonates pri- 
or more slowly than naphthalene at (а) carbon-4; marily on oxygen in concentrated H,SO,. explain why 
(b) carbon-5; (©) carhon-6? Explain your reasoning. 1.3.5-trimethoxybenzene protonates primarily on a 
OCH, carbon of the ring. As part of your reasoning, draw the 
structure of each conjugate acid. 
cn 
T | 16.63 A Diels-Alder reaction of 2,5-dimethylfuran and 


maleic anhydride gives a compound A that undergoes 
acid-catalyzed dehydration to give 3,6-dimethyl- 
phthalic anhydride (see Fig. P16.63). 

(a) Deduce the structure of compound А. 


I-methoxynaphthalene 


16.61 Furan is an aromatic heterocyclic compound that un- (b) Give a curved-arrow mechanism for the conversion 
dergoes electrophilic aromatic substitution. By draw- of A into 3,6-dimethylphthalic anhydride. 
ing resonance structures for the carbocation intermedi- 
ates involved, deduce whether furan should undergo 16.64 Propose а curved-arrow mechanism for the reaction 
=J | Ж „АЙ ИЕ ^ 1 r " " А А . - А + уя 
Friedel-Crafts acylation more rapidly at carbon-2 ог given in Fig. P16.64. (Hint: Modify Step 3 of the 
carbon-3. usual aromatic substitution mechanism in Sec. 16.48). 


g 
furan 
iii AICI 
benzene (large excess) + ссн у—снуа —————- 


) benzene (large excess) + CHCl, ee la hydrocarbon СН) 


TM 
| 1 ‚ 
"I Ath (a compound with ten carbons) 


(b 


CH; 
(d) O 
| - 1) AICI, : 
ah Fo (three products, all isomers with formula СНО») 
НС CH; 
naphthalene u,o-dimethylmalonyl 
dichloride 
(el / LSO 
P - + HNO, — € 
uh Q 
| | 1) AIC ' 
ferrocene (p. 728) + Н,С—С—@ уно (С-Н ОЕе) 


(g) E | - 
ee HNO Bra, Ё г г 
CH;O- N SOH ——— — + (a compound containing | 

N / ane nitro group and one bromine) 


Figure P16.59 


10.65 At 36 "C the NMR resonances for the ring methyl 
groups of "isopropylmesitylene" (protons Н" and H^ 
in the following structure) are two singlets at o 2.25 
and 5 2,13 with a 2:1 intensity ratio, respectively. 
When the spectrum is taken al —60 °С. however, il 
shows three singlets of equal intensity for these groups 
at 6 2.25. 6 2.17. and à 2.11. Explain these results. 


CH, 


"isopropylmesitylene" 
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16.66 Each of the following compounds сап be resolved into 
enantiomers. Explain why each is chiral. and why 
compound (b! racemizes when it is heated. 


(al 
| hexahelicene 
[а] 5 = 3700 degrees mL g^! dm! 
(5) SOH 


O 


ТИ К О —- A 0, 


2,5-dimethylfuran а 


maleic 
anhydride 


Figure P16,63 


CH; O 
9+ Н.О 
cH. ° 


3,6-dimethylphthalic 
anhydride 


сс )- crono ИМЕ. — (crise) no, + (CH3),C=CH, 


Figure P16.64 


РЕ: 


Allylic and 
Benzylic Reactivity 


An allylic group is a group on a carbon adjacent to a double bond. A benzylic group is a 
group on a carbon adjacent to a benzene ring or substituted benzene ring. 


allylic chlorine benzviic hydroxy group 
il OH 
| | 
HiC—CH-—CH — CH; CH —CH. 
| 
allylic hydrogen benzylic hydrogen 


[n many situations affvlic and benzylic groups are unusually reactive. This chapter examines 
what happens when some familiar reactions occur at allylic and benzylic positions and 
discusses the reasons for allylic and benzylic reactivity. This chapter also presents some reac- 
tions that occur олу at the allylic and benzylic positions. Finally, Sec. 17.6 will show that al- 
lylic reactivity is also important in some chemistry that occurs in living organisms. 


| | 
EICOSDUNS 17.1. Identify the allylic carbons in each of the following structures. 
(a) (b) H 


= 
17.2 Identify the benzylic carbons in each of the following structures. 


E (a) H4C CH; (Б) 
H4C 
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REACTIONS INVOLVING ALLYLIC AND 
BENZYLIC CARBOCATIONS 


Recall that alls he carbocations are resonance-stabilized (See. 15.4B). The simplest example 
оғ an ally ice cation is the aliyi carton aseli: 


NE o cU Е 
Н.С СИХ CH, аа н. снн. uh 


Pesenamee structures ol the allyl cation 


These resonance structures sx mbolize the delocalization of electrons and electron deficieney 
ralong with the associated positive charge) that result from the overlap of 2p orbitals to ferm 
molecular orbitals, as shown in Fie. 15.9. p. 703. 

Bens lie carbocations are also resenance-stabilized. The Рену cation is the simplest ex- 
ample of à benzylie cation: 


Ü А + x 
| t— — ar T --— — —- ДЕ 
СӨ + ate 


ло struc dares ol The [опу cation 


The resonanee structures of the benzyl cation s mbelrze the overlap of 2p orbitals of the ben- 
“lic carbon and the benzene rng to form bonding МОХ, As these structures show, the elec- 
tron deticienes. and resulting postive charge on a benzylie eurboeation are shared net onls bs 
the benzy Be carbon. but also bs alternate carbons of the ring. As with the alls caution (See. 
54B). the resonance strüetures of the benzyl cution correctly account lor the dist buuon of 
positive charge that is culeudated from MO theory and shown bs the EPM: 


ж = sites al partial postive charge 


BPAP of benzyl cation 


The resonance energy tp F041 of the benzyl) cation valculated from MO theory cover and 
aboye that of the benzene ring iselti is about 0,773, which is about 9057 of the resonance en- 
eres of the alis | cation. In other words. the resonance siabilizatiens of the benzyl and alls] 
vations are about the same. 

The structures and stabilities of allylic and benzylic carbocations hive important conse- 
quences for reactions m which thes are involved as reactive intermediates. First, reactions їп 
which henzylic or ativite carbocations are formed as intermediates are generally considerably 
faster tut analoge reactions тойт comparably substituted попат or nonbeuzvlic 
Carbocatioms, This point ds illustrated by the relative rates of S41 solvolysis reactions; shown 
in Tables 17.1 and 17.2. p. 790. For example. the tertiary. adivdie alks halide in the first entry 
of Table 17.1 reacts more than 100 mes faster than the tertiary попа! alkyl halide in the 
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Comparison of S,,1 Solvolysis Rates of Allylic and Nonallylic Alkyl Halides 


Ad B'E 
0) ациейби& Plhanol 


R—Ci + C;H,OH + HO R—OC;H; + R—OH + HCI 


Alkyl chloride R—CI Relative rate 
n 
CH, 
НС, 
pee 38 
а 
Ы 
CHCH; —C— CI (1.00] 
| 
CH; 
HC 
HCH CHC <0.00002 


HC 


Comparison of S,1 Solvolysis Rates of Benzylic апа Nonbenzylic Alkyl Halides 


25°C 


R—(C + H.0 E 00d R—OH + HCl 
Alkyl chloride R—Ci Common name Relative rate 
(C H,),C— C tert-butyl chloride (1.0) 
Ph—CH—(] a-phenethyl chloride 1.0 
lu 
CH; 
Ph—C—C tert-cumyl chloride 620 
сн, 
Ph,CH—Cl benzhydryl chloride | 200* 
РҺ,С—С! trityl chloride 600,000 


*In 8096 aqueous ethanol. 


third entry. А comparison of the first and third entries of Table 17.2 shows the effect of 
benzylic substitution. tert-Cumyl chloride, the third entry, reacts more than 600 times faster 
than tert-butyl chloride, the first entry. 

The greater reactivities of allylic and benzylic halides result from the stabilities of the car- 
bocation intermediates that are formed when they react. For example, rerr-cumyl chloride (the 
third entry of Table 17.2) 1onizes to a carbocation with four important resonance structures: 
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CH, + CH CH, | СН, 


resomanee-stahilized carbocation (17.3) 


lonizution of лее Риу chloride. on the other hand. vives the fert bulyl cation. a carbocation 
with only one important contributing structure. 


CH; CH; 


ф. 


RESES: — СС CT (74) 
CH CH, 
tert-butyl chloride 


The benzylic cation is more stable relative to is alkyl halide starting material than is the rert- 
butyl cation. und appheation of Hammond's postulate predicts that the more stable carhoca- 
tion should be formed more rapidly. A similar analysis explains the reactivity of ally lie alkyl 
halides. 

Because of the possibility of resonance, ortho and para substituent groups on the benzene 
ring that activate. electrophihe aromatic substitution further accelerate S41 reactions at the 
benz vlie position; 

CI CTI; 


| 


C—t] ОН) CHC) (175 


CH; CH, 


relative solvolysis rates | МИН) 
| 9075 aqueous acelame, ЈА) 


The carbocation derived from the ionization of the p-methoxy derivative in Eq. 17.5 not only has 
the same types of resonance structures as the unsubstituted compound. shown m Eq. 17.3. but also 
ап additional structure (red) n which charge cai be delocalized onto the siibsituent group itself: 


MIT CH; CH, 

HQ i d CHO í Bd 
CH & C. -&—— —- (CHE : 
"ON AON ee NY x ANL x 


charge is shared by oxvgen 


MENT 


Other reactions that involve carbocation intermediates are accelerated when the carbocations 
are allylic or benzylic. Thus. the dehydration of an alcohol (Sec. 10.1) and the reaction of an 
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alcohol with a hydrogen halide (Sec. 10.2) are also faster when the alcohol is allylic or benzylic. 
For example. most alcohols require forcing conditions or Lewis acid catalysts to react with HCI 
lo give alkyl chlorides. but such conditions are unnecessary when benzylic alcohols react with 
HC]. The addition of hydrogen halides to conjugated dienes also reflects the stability of allylic 
carbocations. Recall that protonation of a conjugated diene gives the allylic carbocation rather 
than its nonallylic isomer because the allylic carbocation is formed more rapidly (Sec. 15.4A). 

A second consequence of the involvement of allylic carbocations as reactive intermediates 
is that in many cases more than one product can be formed. More than one product is possible 
hecause the positive charge (and electron deficiency) is shared between two carbons. Nucle- 
ophiles can react at either of the electron-deficient carbon atoms and, if the two carbons are 
not equivalent, two different products result. 


+ + 
GH—CHi—cl —®ъ (GRhE w (CHiSC—CB— CH; | 4-7 


an allylic carbocation 


(CH3),C =CH—CH, + (CH;,.C— CH=CH; 


E p 
сО—Н A30 —FH 


Н H 
Ж » 
[s pd 


H4Of + (CHC =CH— CH, | (CH;C— CH — СН, 
| | 
OH (OH 
(15% of product) (85% of product) (17.7) 


The two products are derived from one allylic carbocation that has two resonance forms. Recall 
that similar reasoning explains why a mixture of products (1,2- and 1,4-addition products) is ob- 
tained in the reactions of hydrogen halides with conjugated alkenes (Sec. 15.44 ). 

We might expect that several substitution products in the $41 reactions of benzylic alkyl 
halides might be formed for the same reason. 


CH, CH, 
H-0 + | 
—— C ч — C кт 
ү. 
CH; + СН, 
H;O 
__  €H CH, CH, 
HCl + & COM + C T C 
v 5 | x HO h 
CH; OH “9; CH; 
H 


(the only substitution 
product formed) 


(not Formed] (OT.8I 
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As Eq. 17.8 shows. the products derived from the reaction of water at the ring carbons are not 
formed. The reason is that these products are not aromatic and thus lack the stability associ- 
ated with the aromatic ring. Aromaticity is such an important stabilizing factor that only the 
aromatic product (red) is formed. 


PROBLEMS € RENE TT ЖА: 
| PROBLEMS. 17.3 Predict the order of relative reactivities of the compounds within each series in 5,1 solvoly- 


sis reactions, and explain your answers carefully. 


(a) ү ^ 
ЕЕ | S е. Hc) cc 
CH;O 
(1) (2) (3) 
(b) CH, сн, с, 
Les ее. Sars 
|. CH CH н 
3 Ci А 3 
(1) (2) (3) 


17.4 Give the structure of an isomer of the allylic halide reactant in Eq. 17.7 that would react with 
water in an 5,1 solvolysis reaction to give the same two products. Explain your reasoning. 


17.5 Why is trityl chloride much more reactive than the other alkyi halides in Table 17.2? 


REACTIONS INVOLVING ALLYLIC AND BENZYLIC RADICALS 


An allylic radical has an unpaired electron at an allylic position. Allylic radicals are 
resonance-stabilized and are more stable than comparably substituted nonallylic radicals. The 
simplest allylic radical is the alfvl radical itself: 
ie ee д 
[HCCH> CH, -——- H;C—CH=CH, | (17.9) 


resonance structures of the allyl radical 


Similarly, a benzylic radical, which has an unpaired electron at a benzylic position. is also 
resonance-stabilized. The benzy! radical 1s the prototype: 


v 


resonance structures of the benzyl radical 
(17.10) 


These resonance structures symbolize the delocalization (sharing) of the unpaired electron 
that results from overlap of carbon 2p orbitals to form molecular orbitals. 

z The enhanced stabilities of allylic and benzylic radicals can be experimentally demonstrated 
with bond dissociation energies. The bond dissociation energies of allylic and nonallylic hydro- 
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Н: and : 
H4C— CH-—CH-—CH,;— CH, 


Ax box a nonallylic radical 
Н. and Bo. Eu. «==. челе icc iod 


| stabilization of 
the allylic radical 


50 kJ mol y | 
ап allylic radical (12 kcal mol ')| 


| bond dissociation energy | 


of a nonallylic H E a= 
= < s 422 k] mol! 
| (101 kcal mol™) 


bond dissociation energy 
of an allylic H 


372 k] mol"! 
| (89 kcal mol”) 


enthalpy of 2-pentene 
H— CH5;—CH-——CH-— CIL —CGH,—1 | 


Figure 17.1 Use of bond dissociation energies to determine the stabilization of an allylic radical. The 
stabilization of the allylic radical results from the lower energy required (50 kJ mol ', 12 kcal mol" ') to remove an 
allylic hydrogen Н" compared with a nonallyliz one H'. 


gens in 2-pentene are compared in Fig. 17.1. One «et of methyl hydrogens is allylic and the 
other is not, It takes 50 kJ mol! (02 keal mol!) less energy to remove the allylic hydrogen H” 
than the nonallylie one HË. As Fig. 17.1 shows, the difference in bond dissociation energies is 
a direct measure of the relalive energies of the to radicals. This comparison shows that the al- 
Ilic radical is stabilized by 50 KI mol”! (12 Кеа mol p relative tothe nonalls lic radical. The 
sume t pe of comparison shows that benzylic radicals are about 42 kJ mol ^! {10 kcal moi!) 
more stable than comparably substituted nonbenzs lic radicals. 

Because ШТУ and benzylic radicals are especially stable, they are more readily formed as 
reactive intermediates than ordinary alkyl radicals. Consider what happens, for example, in 
the breminatton of ситет: 


CH; үз 
hah m 
C—H + Hr — (C —HBr + НВг (17.11 
i МИ 
CH, CH; 
cumene teri-cuimyl bromide 


nearly quantitative l 


This is a free-radical chain reaction (Sees. 5.6C and 89A). Notice that oniy the benzylic Ay- 
drogen ix substituted. 

The initiation step in this reaction is the dissociation of molecular bromine into bromine 
atoms; this reaction is premoted by heat or Tight. 


ae 


Br“ Br: — 2:815 (7.0221 
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in the first propagation step. a bromine atom abstracts the one benzylic hydrogen in preter- 
ence Io either the six nonbenzlie hydrogens or the five hydrogens of the aromatic ring. [t is in 
this propagation step that the selectivity for substitution of the benzylic hydrogen occurs. 


CH, T 
| а , 
С: > o> + H— Br: ТЕД 
| 


The reason for this selectis its is the weaker benzylic C—H bond trig, 17.1) or, equivalently, 
the greater stability of the benvviie radical that i formed. 

in the second propagation мер. the henzylic radical reacts with another molecule of 
bromine to generate a molecule of product as well as another bromine atom. which can react 
again in Lay. 17.1 2b. 


сн, en 

CO ae В: — ^" +: daTd28 
| 

CH; CH, 


Free-radical halogenation 1s used to halogenate alkanes industrially (See. 8.9. Because 
free-radical halogenation of alkanes with different types of hydrogens gives mixtures of prod- 
ucts, this reaction is ordinarily not very useful in the laboratory. {11 can he used industrially be- 
cause industry has developed efficient fractional distillation methods that can separate liquids 
af similar boiling points.) However, when a benzylic hydrogen is present, it undergoes substi- 
tution so much more rapidly than an ordinary hydrogen that a single product is obrained. Con- 
sequently, tree-radical halogenation can be used for the laboratory preparation of benzylic 
halides. 

Because the allylic radical is also relatively stable. a similar substitution occurs preferen- 
tially at the allylic positions of an alkene. But a competing reaction occurs In the case of an 
alkene that is not observed with benzylic substitution: addition of halogen to the alkene dou- 
ble bond by an тоте mechanism (Sec. 5.24}. 


Br 
addition 
"Br 
+ pr: Вг ЖЕЛЕ 
Аун. 
ИШТЕП! | + HBr 


(Such a competing addition is neta problem 1n benzyHe bromination because Bromine doesn 1 
add to the benzene ring m Eq. 17.1 L Why?) 

One reaction can be promoted over the other if the reaction conditions ure chosen carcfutls. 
Addition of bromine is the predominant reaction if (1) free-radical substitution is suppressed bs 
avoiding conditions that promote [ree-radical reactions (heat, light. or free-radical initiators): 
and if (2) the reaction is carried out in solvents of even slight polarity thal promote the ionic 
mechanism for bromine addition. Thus, addition is observed at 25 7C if the reaction is run in 
the dark in methylene chloride. CHC. On the other hand. free-radical substitution occurs 
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when the reaction is promoted by heat, light, or tree-radical initiators. an apolar solvent such 
às ССТ, is used. and re bromine is added Чему so hat tts concen raion remains very few, 
To summarize: 


E 
"X | | 25 dualak = qu 
Анон: | Br- ENT TERET 
hr 
H Br 
В TP heat or hah 
АИКА | + Bro | | HBr SEREHE 


ta li 


added slowly; 


concentration kept 


low 


$ 


The etlect of Promine vongentraton results Eren the rate Tis lor ihe competing reactions. aldition 
Further Exploration 17.1 


Addition versus has а higher kinetic order in Br- | than substitution, Hence, the rate ol addition ps decreased more than 
Substitution with the rate of substitution bs. bos ering the Bromine келкел ОП, This eect is discussed im Further EA- 
Bromine 


plorauen [7.1]. 


Adding bromine to à reaction so slowly that db remains at serv low concentration is 
experimentally incem enient. but a very useful reagent can be employed to accomplish the 
ышы objective: N-bromosuccinimide abbreviated NBS). When à compound with allylie hy - 
drogens is treated with W-bromesuccmimide in CCl, under free-radical conditions (heat or 
light and peroxides). ally tie bromination takes place, and addition te the double bord is not 
ohsersed., | 


а 


l 
— | heater ligh —— H 
i A ‚ peroxide / ^ . 
4 H + м — Вг == у Вг + N—H BEA RI 
x or = | . / E 
| | TN y 
~ D 


cyclohexene S 3-bromocyclohexene 0) 
ISIN veld | 
N-bromosuccinimide | succinimide 
(NGS) 


N-Bremosuceinimide ean also be used for bers He hromination. 


(9 O 

- р ^I - A à тохи 4, 
)—CH,—CH,-, NB "D CHCl = — N—H ат 

ЕЕЕ Í | г 

(1 M (y 


ҺЕ vield | 


The miiation step in ауе and bensytie bromination with NBS is the formation ol a 
bromine alom by потехи cleavage of the N —Br bond in NBS itself. The ensuing substitu- 
поп reaction has three propagation steps. which wel illustrate lor allylic hremination. First; 
the bromine atem abstracts an allyiie hydrogen from the alkene molecule: 
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| | 
pr^ H C—cnu-—cH, —— dVi—Br + :C—CH-—CH,; (07.173) 
/ 


АЦ]. 11 alkene allylic radical 


The HBr thus formed reacts with the NBS in the second propagation step (by an ionic mech- 
anism) to produce a Br, molecule. 


) () 


= 


( 4 
HBr + Жы ——= | р в (17.17Ь) 
О 


© 


NBS 


The last propagation step is the reaction of this bromine molecule with the radical formed in 
Eq. 17.1 7a. A new bromine atom is produced that can begin the cycle anew. 


| 
Br-4Br €C—CH-—CH, ——9 Br *Br—C—CH-CH, (mro 


The first and last propagation steps are identical to those for free-radical substitution with Br, 
itself (Eq. 17.12b,c). The unique role of NBS is to maintain the very low concentration of 
bromine by reacting with HBr in Eq. 17.17b. The Br, concentration remains low because il 
can be generated no faster than an HBr molecule and an allylic radical are generated 1n Eq. 
17.1 7а. Thus, every time a bromine molecule is formed, an allylic radical is also formed with 
which the bromine can react. 

The low solubility of NBS in CCI, (0.005 M) is crucial to the success of allylic bromina- 
lion with NBS. When solvents that dissolve NBS are used, different reactions are observed. 
Hence, ССІ, must be used as the solvent in allylic or benzylic bromination with NBS. During 
the reaction, the insoluble NBS, which 15 more dense than CCI. disappears from the bottom 
of the flask and the less dense by-product succinimide (Eq. 17.15) forms a layer on the surface 
of the CCI,. Equation 17.176. and possibly other steps of the mechanism, occur at the surface of 
the insoluble NBS. (These very specific aspects of the NBS allylic bromination reaction were 
known many years before the reasons for them were understood.) 

Mixtures of products are formed in some allylic bromination reactions because, as reso- 
nance structures indicate, the unpaired electron in the free-radical intermediate is shared һу 
two different carbons. This point is explored in Study Problem 17.1. 


Study Problem 17.1 | 
ЕЕЕ What products are expected in the reaction of Н,С==СНСН;СН,СН,СН, (1-hexene) with NBS 


in ССІ, in the presence of peroxides? Explain your answer. 


Solution Work through the NBS mechanism with 1-hexene. In the step corresponding to 
Eq. 17.17a the following resonance-stahilized allylic free radical is formed as an intermediate: 


| H»C=CH—CH—CH,CH,CH, -«——» H,C—CH=CH—CH,CH,CH; | 
" B 
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Because the unpaired electron is shared by rwo different carbons, this radical can react in the final 
propagation step to give two different products. Reaction of Br, at the radical site shown in struc- 
ture A gives product (1), and reaction at the radical site shown in structure B gives product (2): 


У ceri emi, sa ee nme 


Br Br 
(1) (2} 
Notice that product (1) is chiral. and product (2) can exist as both cis and trans stereoisomers. 


Hence, bromination of 1-ћехепе gives racemic (1) as well as cis- and trans-(2), although the trans 
isomer should predominate because of its greater stability, 


PROBLEM | ( : 1 | 
17.6 What product(s) are expected when each of the following compounds reacts with one equiv- 
alent of NBS in ССІ, in the presence of light and peroxides? Explain your answers. 


(a) cyclohexene 

(hj 3,3-dimethylcyelohexene 
(€) trans-2-pentene 

(di 4-rert-butyitoluene 

(е) 1-1s0propyl-4-nitrobenzene 


REACTIONS INVOLVING ALLYLIC AND BENZYLIC ANIONS 


The prototype for allylic anions is the aliyi anion, and the simplest benzylic anion is the ben- 
cyl anion. 


H,C2- CH-- CH, e >} H,¢—CH=CH, | (17.18) 


allyl anion 


E > T 
CH; -———— =CH, «——- ч СН, чч—> CH; 


benzyl anion 
(17,19) 


Allylic and benzylic anions are about 59 kJ mol! (14 kcal mol7') more stable than their 

nonallylic and nonbenzylic counterparts. There are two reasons for the stabilities of these an- 

4 ions. The first 18 resonance stabilization, as indicated by the preceding resonance structures. 

бинт Explomition 37:3 The second reason is the polar effect (Sec. 3.6C) of the double bond (in the ally] anion) or the 

Polar Effects of phenyl ring (in the benzyl anion). The polar etfect of both groups stabilizes anions. (Opinions 
рше Bones differ about the relative importance of resonance and polar effects.) 
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The enhanced stability of Пуну and реп lic anions is reflected in the pA, values of 
propene and toluene (R — a basex: 


l|C—C€H  CH.—H + Bt ж=  H.C—CH—CH; + B—H 1720 


prepene 
PA, = 4% 
Zh MH ЄН, 
| | HB >. + B—H (17.215 
M 
tolnene 
рКа = ЧІ 


Although these compounds аге very weak acids, their acidities are much greater than the 
acidities of alkanes that do not contam allylic or benzylic hydrogens. Recall from Sec. 14. 7А 
that ordinary alkanes have pK, values in the range of 33-60. 

Free hbenzylic or allylic carbanions are rarely involsed as reactive inlermediates. However, 
a number of reactions involve species that have carbanion character Two of these are the re- 
actions of Grignard and related organometallic reagents. and E2 eliminations. The following 
sections show how these reactions are affected when earbanion character occurs at benzylic or 
allylic positions. 


Allylic Grignard Reagents 


Recall that Grignard reagents have many of the properties expected of carbanters (Sec. 8.88), 
Thus. allylic Grignard reagents resemble allylic earbanians. 


r + 
H.C—CH—CH,— MgBr.— resembles H€ =CH— CH. MgBr 417.22) 


Allylic Grignard reagents undergo a rapid equilibration in which the — MgBr group moves 
hack and forth between the two partially negative carbons at a rate of about 1000 umes per 


sermon. 


HiC. a CH» 5. oe HC CH. 5 

| E мы vere Мм к LG 
CCH^ SCH, ж” Хен “сн. (17.23) 
Ad | E 
Nigir МеВг 


The transition slale for this reaction can be envisioned as an ion pair consisting of an allylic 
carbanion and a  MgBr cation. 


allie carbanion 


Because the allvlic carbanion is resonance-stabilized. this transition state has relatively low 
energy, and consequently, the equilibration oceurs rapidly. 
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The equilibration in Eq. 17.23 15 an example of an. afivitc rearrangement An allylic 
rearrangement involves the simultaneous movement of a group G and a double bond so that 
one all Пе emer is converted Inte another, 


{. C. 


i T m " d эм d Su T di Е 

= tor * 7 
M == P Ч Cr = апу grout 117.241 
(1 С 


Notice that these (wo structures are ner resonance structures: they are Dao distinct species m 
rapti equilibrium. 

The rapid allylie rearrangement of an unss mmetrieal Grignard reagent. such as the one 
show nin Bg. 17.23. means that the reagent is actually a mixture of two different reagents. This 
has two consequences, First, the same mixture of reagents is obtained from either of two al- 
Iveally related alkyd halides: 


CH, CH, 
"m IlC—0 CH=CH. 
Ія 
мъ Му 
Y Y 
б, ЄН, 


Н. == Н — CH;:MgBr M H;C—t—CGlHi—UH: ЕДТ 
Bast | 


Менг 


Second, when the Grignard reagents undergo а subsequent reaction, a mixture ob products is 
usually obtained. and the same mixture of products is obtained regardless of the alkyl halide 
used ta form the Grignard reagent. For example, protonolysis of the mixture of equilibraüng 
(Gmgnandl reagents in Ey. 17.25 gives the Following result: 


CH, CU, 


АЕ 


HiC—C—CH—CH;MegBr. «HCC CH=CH; 


Alger 
| 
Ө 
| 
HC—C-CH -CH + не ~ HO— Mglir ЖЕ 


| 
H 


н —— 


mixture at products 
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Р ; е “the followi 
ROBLEM 17.7. What product(s} are formed when a Grignard reagent prepared from each of the following 
alky E halides is treated with D,O? 


(a) CHBr (b) CH, 


Br 


1-(bromemethyl)cyclohexene 6-bromo-1-methylcyclohexene 


B. E2 Eliminations Involving Allylic or Benzylic Hydrogens 


Recall that the 5. 2 ibimolecular substitution and ЕЛ bimolecular elimination) reactions of 
alkyl halides are cevipeting reactions, and that the structure of the alkyl halide is one of the 
major factors that determine which reaction ts the dominant one (See. 9.50). A structural ef- 
Feet m the alks | halide that tends to promote a greater fraction of elimination is enfinced acid- 
пу ofthe B-Avdrogens. Пах Found that a greater ratio of elimination to substitution is observed 
when the 6-hydrogens of the alkyl halide have higher than normal асу. Such a situation can 
occur when the B-hsdrogens are allylic or benzylic. (Recall from the introduction to this ser- 
tion that alls lie and benzylic hydrogens are more acidic than ordinary alkyl hydrogens.) For 
example. the E? reaction of the ШКУ bromide in Ey. 17.27 is more than 10 times Faster than 
the ES reaction of хорем bromide [(CH 0:CHCH.CH Br]. à comparably branched. alkyl 
halide. 


benzylic hydrogens 


= m Sih ow CH. d wm dbac =. 
p -4 | a Bo — 3 d i - СМ. ШЕШ a i | = 
N p кал B ПОН | ча. Od 


БИ elimination? 3g Sabet iturin? 


(Elimination predominates because the E2 reaction is particularly tast the S,2 component of 
Ihe competition eecurs at a normal rate.) 

Whs should an acidic B-hydrogen increase the rate of an E2 reaction? In the transition state 
of the E2 reaction. the base is removing a f-proton. amd the Wunsitran state of the reaction has 
carbanton character atthe B-carbon atom. 


а ò 
С.н.о 
"acl i | 
х double-bond character 


H 


p. 


( 
-CH=C Н, 


n 


| Be 
carbanion character 


transition stale for |:2 reaction 


This partially formed carbamon is stabilized in the same was ibat a tulls formed carbanion is: 
a more stable transition state results in a faster reaction, Another reason that benzylie E2 reag- 
Hons are faster is that the alkene double bond. which ts partially formed in the transition state, 
is conjugated with the benzene cing: recall that conjugated double bonds are more stable than 
unconjagaled double bonds (See. AFAN 
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Lets summarize the structural characteristics of alkyl halides or sulfonate esters that favor 
E? reactions over 5, 2 reactions. Elimination reactions are favored by: 
branching at the e-carbon (Sec. 9.50) 
branching at the B-carbon (See. 9.56) 
greater acidity of the B-hydrogens (this sectioni 


эю” |ы — 


PROBLEM | И - T— 
| PROBLEM | 17.8 Predict the major product that is obtained when each of the following alkyl halides is treated 
with potassium fert-butoxide. Explain your reasoning. 


(a) (h) OCH, 
Br | 
CH —CH:;I 


ALLYLIC AND BENZYLIC S,2 REACTIONS 


5.2 reactions of allylic and benzylic halides are relatively [ist even though they do not involve 
reactive Intermediates. The following data for allyl chloride are typical: 


relative rate 


HsC=CH—CH,—Cl 17 ———» НС СН СНЕ + OF 73 (7:284 
Bes oie e > eS ed | (17.28) 


An even greater acceleration is observed tor Беллу halides. 


| relative rate 
en 


CH.—€] + 17 = Ha) = E =100,000 (17.2931 
- acetone " 
H;C Hs. 
LS | ыч. N. 
СЛ Chee eT UM CH —CH-—1 + С (1 7.29h] 
РА acetone 7 = 
Н.С Н.С 


Allylic and benzylic 52 reactions are accelerated because the energies of their transition 
Мшез are reduced by 2p-orbital overlap. shown in Fig. 17.2. l'or an alls lic 8,2 reaction, [n the 
iransilion state of the S42 reaction, the carbon at which substitution occurs is sp^-hybridized 
(Fig. 9.2, p. 390): the incoming nucleophile and the departing leaving group are partially 
bonded to a 2p orbital on this carbon, Overlap of this 2p orbital with the 2p orbitals of an ad- 
jacent double bond or phenyl ring provides additional bonding that lowers the energy of the 
transition stale and accelerates the reaction. 
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tes t Nuc 


no p-orbital 
x overlap yo 


ove lap 4 
ci] 2р orbitals 


(a) (b) 


Figure 17.2 Transition states for 5,2 reactions at (a) an allylic carbon and (b) a nonallylic carbon. Nuc and X are 
the nucleophile and leaving group, respectively. The allylic substitution is faster because the transition state is sta- 
bilized by overlap (blue fines) of the 2p orbital at the site of substitution with the adjacent z bond. 


17.9 Explain how and why the product(s) would differ in the following reactions of trans-2- 
buten- 1-ol. 
(1) Reaction with concentrated aqueous HBr 
(2) Conversion into the tosylate, then reaction with NaBr in acetone 


A. Oxidation of Allylic and Benzylic Alcohols 


Allylic and benzylic alcohols are oxidized selectively by a suspension of activated man- 
eanese(IV) dioxide, MnO,, Primary allylic alcohols are oxidized to aldehydes and secondary 
allylic alcohols are oxidized to ketones. 


cHo-{ у—снон + MnO => сњо )—cH=0 + Mn(OH) (17.30) 
(insoluble) бө лз 


(4-methoxyphenyl)methanol 4-methoxybenzaldehyde 
(p-methoxybenzyl alcohol) (81% yield) 
H CHOH H CH=0 
Sa ын o a 
CHCHÍ H (insoluble) (solvent) CHCH H 
( E)-2-penten-1-ol ( E)-2-pentenal 


(83% yield) 


804 


CHO 
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“Activated MnO." is obtained by the oxidation-reduetton reaction of potassium perman- 
капае, KMnO, with an Мл? salt such ах MnO, under either alkaline or acidic conditions 
followed bs thorough drying. 


. я Гг? a : О 
JILO + 5 Mosi ! 2КМпО, —— 5AÍnO. + ELSO + RON 41732) 


manganese 
dioxide 


Allylic and benzslic oxidation of aleohols takes place on the surface of the MQ... which is in- 
soluble in the solsents used for the reaction. Water competes with aleohol for the sites on the 
VinO. and thus must be removed by drying to produce an achive oxidant. 

The selectivity of MnO. oxidation for alls lie and benzylic aleohols is illustrated by the tol- 
lowing example. 


the benzylic alcohol 
is selectively oxidized 


СН, 
^ OH ^ 


| | ‚ SIm 1 CUN | - ғ 
CHCH: CHOH ъъ CHN Q0 СЛОН (17.33) 


лените 


YT 
т 


3,4-dimethoxyphenyl- 1,3-propancdiol 3,4-dimethoxyphenyI-3-hydroxv-1-propanonc 


(94 Vield? 


(This example illustrates the selectivity lor benzybie alcohols: a corresponding selectivity 15 
observed for alls He aleohals, | 

The reaction is selective because ally Be and benzi lie aleohols react much more rapidly 
than "ordinary ^ alcohols. An understanding of this selectivity comes irem the mechanism. [n 
the first step of the mechanism, the O Н group of the alcohol rapidiy adds to Mnt, to give 
an ester (See. КААС. 


R—tU]I,—OH + Mn=O u— R СН. О Мп OH LET Ml 


i Q 


lon the Mnt. surface! 


Gn solution] 


(The solid-state structures of the Mn-containing species are simplified in these equations.) [n 
the next мер. which is rate-limiting, Ми V accepts an electron to become МЛН). and, at the 
sume Ime. a hydrogen atom is transferred Irom the allvlie or bensy lie carbon to an oxygen of 
the oxidant. The product hus an unpaired electron on the ally hie or henzylic carbon and is 
therefore a resonance-stabilized radical, 


с) | C) 
ОА Рана oe 
R СН ми ОН —- R C. | Aln — OH 


p? (17. 34b1 


an allylic or benzylic radical 
is resonance-stabilized 
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The stability of the radical intermediate, by Hammond's postulate (Sec, 4.8C), increases the 
rate of this step. The allylic/benzylic selectivity occurs because the analogous radical interme- 
diate in the oxidation of an alcohol that is not allylic or benzylic is less stable and is formed 
more slowly. In the rapid final step. Мп) is reduced to the more stable Мп), and a strong 
C—0O double bond is formed to give the aldehyde product. which 15 washed away from the 
oxidant surface by the solvent. 


T (17.346) 
r— cH o Nin —On —* R—CH=0 + Mn—OH 
| | 
OH 


(dissolves in 
the solvent) 


OH 


| FRUBEEITS 17.10 Give the structure of the product expected when each of the following alcohols is subjected 


17.11 


17.12 


to MnO, oxidation. 


(а) au (b) он 
q^ SHAH on non, 


(c CHCH;CH;CESCCH;OH (d) + CHOH 


7 z^ “оң 


In each case, give the structure of a starting material that would give the product shown by 


MnO, oxidation. 
) O w эл Та 


TT! CH ж= у tb 
(а Ара» эй ( 


In each case, tell whether oxidation with pyridinium chlorochromate (PCC) and oxidation 
with MnO, would give the same product, different products, or no reaction. Explain. 


ia) OH (b) cs Fe 


(d) CH;OH 


I | e 
| HOCH; 
CH, 


B. Benzylic Oxidation of Alkylbenzenes 


Treatment of alkylbenzene derivatives with strong oxidizing agents under vigorous conditions 
converts the alkyl side chain tnto a carboxylic acid group. Oxidants commonly used for this 
purpose are Cr( V1) derivatives, such as Na,Cr,O, (sodium dichromate) or CrO,; the Mn( YII) 
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reagent KMnO, (potassium permanganate): or O, and special catalysts. à procedure that is 
used industrially (Eq. 16.48. p. 7781. 


с! C] 
ni 
kn, 
| ID C, А-Б , 
CH; EET ME / \ COH (17.35) 
o-chlorotolucene 2-chlorobenzoic acid 


UP Po yickd | 


ЖАЛКЫ 


е 48 h, LU] u 
Са сиса. u—— ыш" CO.H (17.36) 


propylbenzene benzoic acid 


ад І АМ veld ł 


| | Notice that the benzene ring is left intact, and notice from Eq. 17.36 that the alkyl side chain. 
STUDY GUIDE LINK 17.1 5 


Synthetic regardless of length, is converted inta a carboxylic acid group. This reaction is useful for the 
Equivalence preparation of some carboxylic acids trom alkyIbenzenes. 


Oxidation of alkyl side chains requires the presence of a benzylic hydrogen. Consequently, 
rert-butvibenzene, which has no henzylie hydrogen, is resistant to benzylTic oxidation, Although 
we won Leonsider the mechanisms of these benzylic oxidations, they occur in many cases be- 
cause resoenanece-stabilized benzylic intermediates such as benzylie radicals are involved, 

The vonditions Cor this side-chain oxidation are generally vigorous: heat, high concentra- 
tions of oxidant, and/or long reaction times. It is also possible to effect less extensive oxidations 
of side-chain groups. Thus 1-phenvlethanol is readily oxidized to acetophenone under milder 
conditions—the normal oxidation of secondary alcohols to ketones (See. 10.6A but it is con- 
verted into Велес acid under more vigorous conditions. 


Cari | 


VISES 


benzoic acid 


OH 
CH— СН; TASI ДЕК 
vignrous 
1-phenylethanol T 
| 
mild сеп, 
acetophenone 


You do not need to be concerned with learning the exact conditions for these reactions? rather, 
t is important simply to be aware thal it is usually possible to find appropriate conditions for 
each type of oxidation, (See Study Guide Link 16.3.) 


| PROBLEMS | | - | 
17.13 Give the products of vigorous KMnO, oxidation of each of the tollowing compounds. 
(a) p-nitrobenzyl! alcohol] (b) [-butyl-A-rerr-hutvlbenzene 


4 


Further Exploration 17.3 
Essential Oils 


A. 
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17.14 (a) A compound A has the formula C,H,,. After vigorous oxidation, it yields phthalic acid. 
What is the structure of A? 
COH 


COH 
phthalic acid 


(b) A compound B has the formula СН. After vigorous oxidation, it yields benzoic acid 
(structure in Eq. 17.37). What is the structure of B? 


TERPENES 


The Isoprene Rule 


People have long been fascinated with the pleasant-smelling substances found in plants—for 
example. the perfume of a rose—and have been curious to learn more about these materials. 
whieh have come to be called essentia? offs. An essential oil is a substance that possesses a 
key characteristic, such as an odor or favor, of the natural material from which It comes. (Scc 
Further Exploration. 17.3.) 

Essential oils; particularly oil of turpentine. were known to the ancient Egyptians. How- 
ever noi until early in the nineteenth century was an effort made to determine the ehemical 
constitution of the essential oits. In 1818. it was found that the C: Н ratio in oil of turpentine 
was 5:8, This same rato was subsequently found fora wide variety of natural products. These 
related natural products became known collectively as terpenes, à name coined hy August 
Kekulé (p. 471. The similarity in the atomie compositions of the many terpenes led to the idea 
(hat they might possess some unily¥ing structural element. 

In 1887, the German ehemist Otto Wallach 1847-1931), who received the 1910 Nobel 
Prize in Chemistry, pointed out the common structural feature of the terpenes: they all consist 
of repeating units that have the same carbon skeleton as the live-carbon diene isoprene. This 
generalization subsequently became known as the isoprene rule. 


| carbon-1 
Н. { e | 
a m i, 
Scr аон. ih aii 
| rbon-4  —=- (17.38) 
CH; the carbon skeleton 
| of isoprene 
isoprene 


lor example. citronelol (from oil of roses and other sources) meorporates two isoprene units: 


Н ЛЬ 
f / „ isoprene 

AEN # carbon skeleton 
Н.: EE 
КӨ CHO 

- wa С] | E isoprene "d Ol | 
| carb 111 skeleton * 

2%. м, 

Hi CH, 


citroncllal 
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LZ 


STUDY GUIDE LINK 17.2 
Skeletal Structures 


Because of this relationship to isoprene, terpenes are also called tisuprenoids. Notice carefully 
that the basis of the Lerpene or isoprenoid classitication is only Hie cennectiviy ef the carbon 
sActeton, The presence or the positions of double bonds and other Ainetional groups, or the 
configurations of double bonds and asymmetrie carbons. have nothing to do with the terpene 
classification. 

Some папой conventions. in lerpene chemist are important, As illustrated. һу the 
Isoprene structure in Ey, 17.38. the carbons at the ends of the isoprene skeleton are classified 
is curbon- and curbon-4, earbon-4 being either carbon of the dimethyl branch. (Мое thal 
these numbers are aot the same numbers used in OPAC nomenchature.) These carbons used 
lo be called "head" and “Gal?” but British and American chemists confused the issue by adopt- 
ing different conventions for head and tall. The Americans called сагвоп- 1 the "head" and var- 
hon-4 the “ail.” whereas the British adopted the reverse convention. To settle the issue. Dale 
Poulter. a professor at the University of Utah. proposed that the carbons simply be referred to 
bx numbers, and that is what well dir. 

In many terpenes, the isoprene units are connected in a 1-4 arrangement t formerly called a 
“head-to-tail or "tail-to-head" arrangement), This means that carbon-4 of one skeleton is con- 
nected lo carbon] of the other. The prime t ) on one number and its absence on the other mean 
(hat the connection is between differen isoprene units, For example. this connection is readily 
apparent in the terpenes geraniol (ram oil of geraniums and limonene tirom ОН of lemons). 
Cyclic terpenes such as dimonene have additional connections between the isoprene units (їп 
the case of monene, а CI-C7 connection! that close the ring. 


(4 
LEI (^4 
à | ni Lun ond —— 
| = й == 
C] (1 C] CI 
Ф. 
connecting bond t | 2n 
ring chosdre 
geraniol | 
limonene 


As vou сап see. citronellol (shown on p. КОЗ has a 1 4 connection bees een isoprene units as 
well. Because this arrangement is so common, Wallach assumed the generality of 1'—4 connee- 
пуу in his origmal statement of the isoprene nile; However, many examples are now known in 
Which the isoprene umts hase a 1-1 eonnectivit. Furthermore. some compounds are derived 
fram the conventional terpene structures by. skeletal rearrangements. Although these com- 
pounds do not have the exact terpene connectivity. they are nevertheless clussitied as terpenes. 
For our purposes. though, it will be sufficient to recognize terpenes by wo criteria, 


|. a multiple of five carbon atoms in the main carbon skeleton 
2, the carbon conmecuvity ol the soprene carbon skeleton within each tive-carbor unit 


Because terpenes are assembled From fise-carbon units. their carbon skeletons contain mul- 
tuples of live carbon atoms (10,15, HR... Sa. Terpenes with HO carbon atoms in their car- 
bon chains are classified as monoterpenes, (hose with 15 carbons sesquiterpenes, those with 
“carbons diterpenes, and so on. Some examples of terpenes are given in Fig. 17,5 on p. 810. 
Mans of these compounds are familiar natural flavorings or Fragrances. 
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Study Problem 17.2 


Determine whether the following compound, isolated from the frontal gland secretion of a termite 
soldier, is a terpene. 


Н.С 


CH; 


ue ("cH 3 


Solution Because stereochemistry is not an issue, delete all stereochemical details for simplic- 
ity. First, count the number of carbons. Because the compound has a multiple of five carbon 
atoms, it could be a terpene. To check for terpene connectivity, look first for a methyl branch. One 
is at the end of the long side chain. Identify within this group a chain of four carbons with а 
methyl hranch at the second carbon: 

CH; 


isoprene skeleton 


Starting at the next carbon, look for the same pattern. Rememher that a hond must connect each 
Isoprene skeleton. 


isoprene skeletons 


connect Tiu bond 


( We arbitrarily chose to proceed clockwise around the ring; vou should convince yourself that in 
this case a counterclockwise path also works.) Continue in this fashion until either the pattern is 
broken or, as in this case, all carbons are included: 


This compound incorporates four isoprene skeletons and is therefore a diterpene. 


810 


PROBLEM | 
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з 
limonene (—)-a-pinene menthol 
(from oranges (from turpentine) (from peppermint) 


and lemons} 


monoterpenes 


vitamin Á 
a diterpene 


caryophyllene 
(from cloves, hemp, or black pepper) 
a sesquiterpene 


E di dm d ee АЙА: 


DB-carotene 
(the orange pigment in carrots; 
converted into vitamin A by the human liver) 


Н.С CH; 


HC H 


H 


natural rubber 
(a polvterpene ) 


Figure 17.3 Examples of terpenes. tn the monoterpenes, the isoprene skeletons are shown in red. 


17.15 Show the isoprene skeletons within the following compounds of Fig. 17.3. 
(a) vitamin А (6) caryophyllene 


B. Biosynthesis of Terpenes 


How are terpenes synthesized in nature? What is responsible for the regular repetition of iso- 
prene skeletons? To answer these questions, chemists have studied the biosynthesis of 
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terpenes. Biosynthesis is the synthesis of chemical compounds by living organisms. The 
study of biosynthesis ts an active area of research that lies at the interface of chemistry and 
biochemistry. This area is seeing renewed interest because brologists and chemists ure collab- 
oraling Lo use genetic engineering technology to alter biosynthetic pathways. This technology 
holds the promise of using microorganisms as microscopie factories to turn out specially en- 
einecred molecules such as drugs. 

Terpene biosynthesis shows how nature takes advantage of allylic reactivity. The repetitive 
isoprene skeleton im all terpenes has à common origin m two simple firye-carbon compounds: 


Н. НА, 
N _ _ ‚ eT ES _ | _ 
С.Н. OPP жш = C—CH —CH.—OPP (1729) 
ГА 
Ino Hi. 
isopentenyl pyrophosphate y, y-dimethylallyl pyrophosphate 
(IPP) (ОМАР) 


The — OPP in these structures is ап abbreviation for the pyrophosphate group Cred in the tol- 

lowing structure. which. in nature. is usuzlly complexed to a metal ion such as Mg^* or Mn” 
(hine). 

1@} 4 

| | 


NI M EN M | m 
R C | - | M abbreviated R — OPP 
|= * мү; " OT vn 5 


a metal-cemplexed alkyl pyrophosphate 
Alkyl pyrophosphates are esters of the inorganic acid pyropfospharte acid (See. 10.30). 


OQ () L) O 


| | | | 


1—0—р—0 —P—OH R -0 -P—O-—P—OH 


О OF 0O- Q7 
pyrophosphoric acid ano! pyrophosphate 


Pyraphosphate and phosphate are natures leaving groups. Just ах ШКУ] halides or alkyl 
tosvlales are used in the laboratory as starting materials for nucleophile substitution reactions, 
АКУ pyrophosphates are used by Irving organisms. 

Because ІРР and DMAP are readily interconverted in living systems by the reaction of Eq. 
17.39, the presence of one ensures the presence of the ether. Like all biochemical reactions. 
including the ones discussed subsequentis. this reaction does not occur freely in solution, but 
Is catalyzed by an enzyme. The involvement of enzyme catalysts does not alter the fact that the 
chemical reactions of living systems are reasonable and understandable in terms of familiar 
laboratory reactions, 

The biosynthesis of the simple monoterpene geraniol illustrates the general pattern of ter- 
pene biosynthesis. (Geraniol is the fragrant compound in otl of geraniums.) [n the first step of 
geraniol biosynthesis, [PP and DMAP tig. 17.391 are bound to the enzyme penyt transferase. 
The DMAP loses tts pyrophosphate leaving group in an $s l-hke process. 
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мош. OPP OPP + > PIE 
Y A xx MY. 2 “сн. 9 ШЕШ 


DMAP [PP 


held together by the 
UAYU prend Lransterdse 


The carbocation formed in Eg. 17.40 is a relatively stable. ally hio. cation. thee. 17. T 
Carbocations, like other electrophiles. can react with the zz electrons of a double bond. which 
acl as a nuchophile. (This same ts pe of reaction ах involved in Eriedel-Cralts acy lations and 
alks lations: see Sees, [6.4 E 7E.) The reaction of this earboeation with the double bond of [PP 
gives a new carhocation, Loss of a proton. [rom a -carbon of this carbogution gives the 
monoterpene seran] pyrophosphate. (B? and ВН? are basic and acie groups, respectivehs. 
ot the enzyme catal st. 


new bond D:- E 
| rl H 
= aD \ Ns е 


+ 
Е Е х + Bll 417415 
“ү 


geranyl pyrophosphate 


Geraniol is formed in the reaction of water with gerani pyrophosphate: 


ч ME E ) 
LT „ыы“ = = ee ~' H 
rit) 4 | —— 1 HOPP 244742; 


geranyl pyrophosphate geraniol 


АТТ 4 terpenes are formed by reactions analogous to the ones shown in Egs. 17.4 and 
| 7.42. A large body of evidence for the carbocation character of these reactions was developed 
in an elegant series of investizauions by Profs. Dale Poulter and Hans C, Rilling and their stu- 
dents at the University of Utah in the period 1975. 1940, As those insestimations showed. and 
ds these examples illustrate, the biosynthesis of lerpenes can be understood in terms of carbo- 
cation intermediates that are like those imelved in laberaters chemistry; As we have noted 
presiousls (Sees. 10,7 and 11.6B). the organic chemistry of бапо systems is understandable 
in terms ol laboratory analogies. 

The biosynthesis of terpenes also rllustrates the economy of nature: А remarkable arras of 
substances 15 generated [rom a common starting material. This economy i evident also in 
ather families ol natural products. For example, terpenes also serve as the starting point for the 
hiosynthesis of steroids (See. 7.619). Phe opene rule is thus one of the unifving elements 
that underlie the chemical diversity of nature, 
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KEY IDEAS IN CHAPTER 17 813 


17.16 (a) Give a biosynthetic mechanism for the formation of the cyclic terpene limonene 


(Fig. 17.3) beginning with an intramoleeular reaction of the following carbocation. (As- 
sume acids and bases are present as necessary.) 


(b) Give a curved-arrow mechanism for the biosynthesis of the carbocation intermediate in 
part (a) from geranyl pyrophosphate. 


17.17 Propose a biosynthetic pathway for each of the following natural products. Assume acids 


and bases are present as necessary. 


(а) 


a-pinene 


(Hint: Start with the carbocation intermediate in Problem 17.162.) 


(b) 


"t a 


farnesol 


E OH 


(Hint: Start with geranyl pyrophosphate, Eq. 17.42.) 


KEY IDEAS IN CHAPTER 17 


ш Functional groups at allylic and benzylic positions are 


in many cases unusually reactive. 


The addition of hydrogen halides to dienes, and the 
solvolysis of allylic and benzylic alkyl halides are reac- 
tions that involve allylic or benzylic carbocations. The 
acceleration of reactions that involve these carboca- 
tions can be attributed to the resonance stabilization 
of the carbocations. 


A mixture of isomeric products is typically obtained 
from a reaction involving an unsymmetrical allylic 
carbocation as a reactive intermediate because charge 
is shared by more than one carbon in the ion, and be- 
cause a nucleophile can react with each charged car- 
bon. А reaction involving a benzylic carbocation, in 
contrast, typically gives only the product derived from 


the reaction of a nucleophile at the benzylic position 
because only in this product is the aromaticity of the 
ring not disrupted. 


Free-radical halogenation is selective for allylic and 
benzylic hydrogens because the allylic or benzylic 
free-radical intermediates that are involved are reso- 
nance-stabilized. 


N-Bromosuccinimide (NBS) in ССІ, solution is used to 
carry out allylic and benzylic brominations. Benzylic 
bromination can also be carried out with bromine and 
light. 


Because the unpaired electron in allylic radicals is 
shared on different carbons, some reactions that in- 
volve allylic radicals give more than one product. 
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m Allylic and benzylic anions are stabilized by resonance 


and by the polar effect of double bonds. 


Allylic Grignard and organolithium reagents undergo 
rapid allylic rearrangements. The transition state for 
this rearrangement is stabilized because it has the 
character of a resonance-stabilized allylic carbanion. 


А fB-elimination reaction involving allylic or benzylic 
B-hydrogens is accelerated because the anionic char- 
acter in the transition state is stabilized in the same 
manner as an allylic or benzylic anion, and because 
the developing double bond in the transition state is 
conjugated. 


S2 reactions at allylic and benzylic positions are ac- 
celerated because their transition states are stabilized 
by the overlap of 2p orbitals. 


REACTION/ \ REVIEW 
Guide and Solutions Manual. 


Allylic and benzylic alcohols can be oxidized selec- 
tively by a suspension of manganese dioxide, The se- 
lectivity of the reaction is due to the formation of an 
allylic or benzylic radical in the reaction mechanism. 


In aromatic compounds, alkyl side chains that contain 
benzylic hydrogens can be oxidized to carboxylic acid 
groups under vigorous conditions. 


Terpenes, or isoprenoids, are natural products with 
carbon skeletons characterized by repetition of the 
five-carbon isoprene unit. 


Terpenes are synthesized in nature by enzyme- 
catalyzed processes involving the reaction of allylic 
carbocations with double bonds. The biosynthetic 
precursor of all terpenes is isopentenyl pyrophos- 
phate (ІРР). 


For a summary of reactions discussed in this chapter, see Section R, Chapter 17, in the Study 


ADDITIONAL PROBLEMS 


17.18 Give the principal organic product(s) expected when 


trans-2-butene or another compound indicated reacts 

under the following conditions. Assume one equiva- 

lent of each reagent reacts in each case. 

(a) Br, in CH,Cl.. dark 

(b) N-bromosuccinimide in CCI,, light 

(c) product(s) of part (b), solvolysis in aqueous ace- 
tone 

(d) product(s) of part (b) + Ме in ether 

(е) product(s) of part (d) + О.О 


17.19. Give the principal product(s) expected when 4-methyl- 


cyclohexene or other compound indicated reacts under 
the conditions in Preblem 17.18. 


17.20 Which of the following compounds, all known in na- 


ture, can be classified as terpenes? Show the isoprene 
skeletons in each terpene. 


fal HO 


ipsdienol 
(one component of the pheromone 
of the Norwegian spruce beetle) 


(hb) EN 


o 


9.0 


saffrole 
101] of sassafras) 


ic) H.C CH; 


Н.С CH, 


modhephene 
[from Ravless goldenrod) 
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(d) CH; (b) Give a curved-arrow mechanism for the formation 
H О of B from A. 
(c) Which should be the major isomer at equilibrium, 
А or B7 Explain. 
я РУ (7.24 Outline a synthesis of each of the following 
B-thujone compounds from the indicated starting materials and 


(from vellow cedar) 
any other reagents. 


(е) (a) benzyl methyl ether from toluene 
(b) 3-phenylI- 1 -propanol trom toluene 
(c) (Z)- 1, 4-nonadiene from 1-hexyne 
(d) 
CH;CH-—0O from cyclopentene 
Н.С 
periplanone В (e! OIN 
(pheromone of the female American cockroach) 3 
(Ё) СОН from cumene 
(Isopropylbenzene) 
(Ё) 
ОМ A j con from cumene 
m-cymene 
: | "Жы б СНО 
17.21 (a) Determine whether the following compound (zoap- 
atanol. used as a fertility-regulating agent in Mexi- CH.O CH=0 
E] $ A 3 " - 
can folk medicine) is a terpene. 


o НО, from |.2-dimethoxy-4-methyibenzene 


CHOH : 
(hi 
H sonch, from С on 


17,25. Rank the following compounds in order of increasing 


Hac" 
zoapatanoel 


(b) What product is obtained when zoapatanol is sub- 


TN reactivity (least reactive first) in an $41 solvolysis re- 
jected to MnO, oxidation? : N y 


action in aqueous acetone. Explain your answers. 
(The structure of rert-cumyl chloride is shown in 
Table 17.2.) 

(1) m-nitro-fert-cumy] chloride 


17.22 Explain why two products are formed in the first ether 
synthesis in Fig. P17.22, but only one in the second. 


(2) p-methoxy-£ert-cumyl chloride 
(3) p-fluoro-tert-cumyl chloride 
(4) p-nitro-tert-cumy] chloride 


17.23 A student Al Lillich has prepared a pure sample of 3- 
bromo- l-butene (A). Several weeks later he finds thal 
the sample is contaminated with an isomer B formed 
by allylic rearrangement. 

{а} Give the structure of B. 


(1) OH а OCH.CH,; ОСН,СН, 
2 4 
~~ + CR "М & Js + к жы 
(2) OH OCH;CH; 


CHCH 
Д + Ман аын Шаш. аш 


Figure P17.22 
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17.26 Arrange the foilowing alcohols according to increasing 
rates of their acid-catalyzed dehydration to alkene 


{smallest rate first), and explain your reasoning. 


ON A reino 


OH 
A 
CH, 
CH;O CCH;Ph 


OH 


CH,O CHCH;Ph 


OH 


X 
Xn 


==] 
ы 
=] 


tertenadine were to undergo acid-catalvzed alcohol de- 
hydration (Sec. 10.1). Which alcohol would dehydrate 


most rapidly’? Why? 


[7.28 Explain why compound A reacts faster than compound 
B when they undergo solvolysis in aqueous acetone. 


| "ic сн, 
С—С] С (9 
^g | ^o | 
CH, CH, 
A B 


Terfenadine is an antihistaminic drug that contains two 
alcohol functional groups. (See Fig. P17.27.) Suppose 


A hydrocarbon А. C,H,,. is treated with 
N-bromosuccioimide in ССІ, in the presence of perox- 
ides to give а compound B, C,H,,Br. Compound 8 un- 
dergoes rapid solvolvsis in aqueous acetone to give an 
aleahol C, C,H pO, which cannot be oxidized with 
CrO, in pyridine. Vigorous oxidation of compound A 
with hot chromic acid gives benzoic acid, РҺСО,Н. 
Identify compounds 4-С, 


А hydrocarbon А. C,H, 15 treated with 
N-bromosuccinimide to give a single monobromo 
compound B. When В is dissolved in aqueous acetone 
IL reacts to give two nonisomeric compounds: C and D. 
Catalytic hydrogenation of D gives hack А. and C can 
be separated into enantiomers. When optically active 
C is oxidized with CrO, and pyridine, an optically in- 
active ketone £ 15 obtained. Vigorous oxidation of A 
with KMnO, affords phthalic acid (structure in Prob- 
lem 17.14. p. 807). Propose structures for compounds 
A through E. and explain vour reasoning. 


Predict which of the following compounds should un- 
dergo the more rapid reaction with K* (CH,,C—0O 
explain your reasoning. and give the product of the re- 


action. 
Gu у-н 


А B 


When benzyl alcohol {A 
solved in Н.50,, a colored solution is obtained that 
has a different UV spectrum: À,,, = 442 nm, e = 
33.000. When this solution is added to cold NaOH, the 
original spectrum of benzyl alcohol is restored. Sug- 


= 258 nm, e = 32th 15 dis- 


iac 


vest a structural basis for these observations. 


ii 
( 3-60 у—сисненен—{ Sica М 


Figure P17.27 


OH 


17.33 Match one or more of the structures below with each 
of the following statements. 


OH 
OH 
M | 
А i | 
OH 
OH OH 2 
ОН ОН 


D E 


(a) An optically active compound that is oxidized by 
MnO, to an optically inactive compound. 

(b) An optically active compound that is oxidized by 
MnO, lo an optically active compound. 

(c) An optically inactive compound that is oxidized by 
NInO. to an optically inactive compound. 

(di) A compound that is not oxidized by MnO.. 


17.34 Starting with isopentenyl pyrophosphate, propose a 
mechanism for the biosynthesis of eudesmal, a 
sesquiterpene ohtained from eucalyptus. 

CH, 


eudesmol 
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17.35 One of the compounds responsible for the odor of 
moist soil is geosmin, which is produced by strepto- 
mycetes in soil from farnesyl pyrophosphate, as shown 
in Fig. Pi 7.35. Compounds A and В are intermediates 
in the biosynthesis. 

Using Bronsted acids (ВН), Bronsted bases (В:). 
and water as needed. propose a curved-arrow mecha- 
nism for the conversion of compound A to geosmin 
with compound В as an intermediate. 


17.36 Account for each of the following facts with an expla- 
nation, 
(a) 1.3-Cyclopentadiene is a considerably stronger car- 
bon acid than 1,4-pentadiene even though the 
acidic hydrogens in both cases are doubly allylic. 


кызы. 


H H Ep H 


1,3-cyclopentadiene 1,4-pentadiene 


(b) 3-Bromo- I. 4-pentadiene undergoes solvolysis 


readily in protic solvents, but 5-bromo- | .3-cy- 
clopentadiene is virtually inert. 


ors 


Br 
Br 


3-bromo-1,4-pentadiene 5-bromo-1,3-cyclopentadiene 


17.37 Complete the reactions given in Fig. P17.37 on p. 818 
by proposing structures for the major organic products, 


geosmin synthase 
{an enzyme] 


OPP 
farnesyl pyrophosphate 


Е 
А 


Figure P17.35 


C H 3 С) 


+ H;C— C— CH, 
acetone 


OH 
CH, 


geosmin 


| | 
CH, 
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17.38 Propose a curved-arrow mechanism for each of the re- 


actions given in Fig. P17.38. 


17.39 (a) When 2-һеҳупе is treated with certain very strong 
bases, it undergoes the reaction given in Fig. 
P17.39, an example of the "acetylene zipper" reac- 
tion. Give a curved-arrow mechanism for this reac- 
tion, and explain why it is irreversible. 

(b) What product(s) would be expected in the same re- 
action of 3-methy!-4-octyne? Explain. 


17.40 Propose a curved-arrow mechanism for the reaction 
given in Fig. P17.40, and give at least two structural 


reasons why the equilibrium lies to the right. 


17.41 Propose a curved-arrow mechanism for the following 


reaction, Explain why the equilibrium lies to the right. 
Ph Ph 


CH 4 


p-taluenesulfonic acid 


CH, 


17.42 


When 1-buten-3-vne undergoes НСІ addition, two 
compounds A and В are formed in a ratio of 2.2: 1. 
Neither compound shows a С==С stretching 
absorption in its IR spectrum. Compound B reacts with 
maleic anhydride to give compound C, and compound 
A undergoes allylic rearrangement to compound В on 
heating. Propose structures for compounds A and B 
and explain vour reasoning. 


O 
| © 
Oo 
maleic anhydride (C 


(a) H,C—CH— CH=CH — CH;MgBr + О, ——* 


(b) 


(c) trais-BrCH;CH — CHCH(CH3); + Na* СН:СН,87 


(d) Same as part (с). but with warm ethanol only; 


O 
H,C— CH — CH — CH — CH;MgBr + H;C—CH, 


H m 
— ———É- 


ethanol 


no Nat СН:СН,5- 


(е) 
эз. ай, А] 
CD + N-hromosuccinimide = 
{1 equiv.) Le 
үе 
хс: 
wee + —СН, + N-bromosuccinimide =з C45 Hj5Br 
(1 equiv.) 
(8) Bn oa KOH 
Fr : E 
E e ethanol СлоНв 
КӨ. CH—CH-CH,; + НВг > 
(1 equiv.) 


ü) CH, 


КМО, heat 


Figure P17.37 


ADDITIONAL PROBLEMS 


ether 


CH,(CH;);— CH —C-—CH; + CH,(CH,), -C=C—CH, 


(b) Ph —(QzC—CH;CH;OH p-toluenesulfonic acid Ph С) 
© 


(€) ]-penten-4-yne + Nat ~:C==CH; then allyl bromide ——9 H.C=CH—CH—C=CH 
CH;—CH-CH; 


CH H2S0, CH C,H;0 
uw + CGHoH A, а РУ 
ОН Te" OC.H; CH; 


salvent} 


(d) 


(e) OH 
"d њо? 
НО че a 
(£) CH; CH, 
| (CHi4C—O- Kt \ 
H,C—C—C=cC—H + ддм Со 
| ri 
Cl CH; 


Figure P17.38 


H,C—CZ5C—CH,CH;CH, + В: —— C==C—CH,CH.CH,CH, + BH 
(B: = —:NH—CH;CH,CH;—NH;) (pK, = 35) 


Figure P17.39 


| 1 
| 
CH, — CH=CH C CH C H 
i * ^ K*' iCHigc—0^ мае 8 ger" 
Oe EN а | + | 
(CH4)4— OH | | 
Н СН, 
(mostly) 


Figure P17.40 
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17.43 Around 1900, Moses Gomberg, à pioneer in free-radi- 


cal chemistry. prepared the triphenyImethyl radical, 

Ph4C*. sometimes called the trityl radical (trityl = 

triphenyImerh wv ). 

(a) Explain why the trity] radical is an unusually stable 
radical. 

(bi The trity! radical is known to exist in equilibrium 
with a dimer that, for many years, was assumed to 
be hexaphenylethane, Ph,C—CPh,. Show how 
hexaphenylethane could be formed from the trity! 
radical. 

(c) In 1968 the structure of this dimer was investigated 
using modern methods and found not to be hexa- 
phenylethane, but rather the following compound. 
Using the fishhook notation, show how this com- 
pound is formed from two trityl radicals, and ex- 
plain why this compound is formed instead of 
hexaphenylethane. (Aint: Can you think of any rea- 
son why hexaphenylethane might be unstable?) 


Ph 
PhiC —Ó Fi 
"s $ 

Hi = Ph 


dimer of trityl radical 


17.44 (a) Triphenylmethane [structure in part (b}) has a pK, of 


31.5 and, although an alkane, 1 is almost as acidic as 
а |-aikyne. (Most alkanes have pK, = 55.) By con- 
sidering the structure of its conjugate base, suggest a 
reason why triphenylmethane is such a strong hydro- 
carbon acid. 

(b) Fluoradene is structurally very similar to triphenyl- 
methane. except that the three aromatic rings are 
“ned together" with single bonds. Fluoradene has a 
pA, of 11! Suggest a reason why fluoradene is 
much more acidic than triphenyimethane. 


H H 
ООО 


triphenylmethane fluoradene 


17.45 The amount of anti-addition in the chlorination of 


alkenes varies with the structure of the alkene. as 
shown in the following table. (See Sec. 7.9C.) 


R H H H 
X / : | 
м. + 35°С м E ы 
Е tC ——- R—C—C—CH, 
РА i CC, | 
Н CH, C] Cl 
Structure of R — Percent anti-addition 
H,C— qu 
ЯЯ 
CH;0 63 


Suggest a reason for the variation in the stereochem- 
istry of addition as the alkene structure is varied. 
(Hint: What types of reactive intermediatets) could 
account tor the stereochemical observations?) 


17.46 In the late 1970s. a graduate student at à major west- 


coast universily began synthesizing new classes of 
drugs and testing them on himself, After being expelled 
from the university. he began making his living by ille- 
gally synthesizing and selling to heroin addicts com- 
pound 8, а synthetic analog of meperidine (Demerol |. 
(See Fig. P17.46.) After shortening his synthetic proce- 
dure and self-injecting his product, he developed severe 
symptoms of Parkinson's disease, as did several of his 
young clients; one person died. Chemists found that his 
compound 4 contained two by-products, aleahol С and 
another compound MPTP (C,.H,.N), which. when in- 
dependently prepared and injected into animals, caused 
the same symptoms. (Ironically, this has been one of 
the most signiticant advances in Parkinsonism re- 
search.) 

Given the illicit chemistry outlined in Fig. P17.46, 
provide the structure of compound А. suggest a struc- 
ture for MPTP, and show how all products are formed. 


17.47 (а) For each of the two reactions shown in Fig. P1747, 


suggest а mechanism that is consistent with all of 
the experimental facts given. 

Experimental observations: 

(1) Both reactions conform to the following rate law, 
although the rate constants for each reaction are 


different. 
rate = Afalkyl halide][(C;H,). NH] 


(2) The alky! chloride starting materials do nor inter- 
convert under the reaction conditions, 


(3) The following compound, prepared separately, 15 
по converted into the observed product under the 
reaction conditions. 


CH, 
=F 
H,C=CH—CH—NH(GH;), СЇ 


[n particular. explain the importance of facts 
(2) and (3) in understanding the mechanism. 
ib) The mechanism of reaction 2 15 called the 5.2 
mechanism. Suggest a reason why this reaction 
occurs by the 5,2" mechanism and reaction | 


does not. 


N-hromosuzcinimide 
f peroxides 
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17.48 The reaction given in Fig. P17.48 occurs by a mecha- 
nism called the $,,2' mechanism, which is a bimolecu- 
lar substitution that occurs by reaction of the nucle- 
ophile at an allylic carbon (see previous problem). In 
this reaction, tbe C—C] bond as well as the bond to 
the nucleophile must be perpendicular to the plane of 
the alkene double bond for proper orbital overlap. but 
this orientation can occur in lwo ways: The C—C] 
bond can be syn to the new bond that is formed with 
the nucleophile, or it can be anti. 15 the following 52° 
reaction syn or anti? How does this result contrast with 
the stereochemistry of the 52 reaction? 


| 
CHCH; — C—Q:7 K* 


H;O 
:N—CH, + ':N—CH; + MPTP 
О OH (CHiN) 
` 
ГА 
Q 
Figure P17.46 
Reaction I: H4C—CH CH — CH;— CI + (C)H;);NH 
(lrans 
Reaction 2: НУС CH —CH CH, + (CH;),NH - 
"EP S EE : H,C— CH=CH —CH,—NH(C2H,), СЇТ 
Cl (82-85% vield) 
Figure P17.47 
4 + 
H H (CH; NH H (C4H&)J,NH H 
М5 <. : 25-30 "(C M f ` / 
C= + (C-H; NH C—C Cl + C—C EL 
f ,H H' b D ` 
Н 
CI H CH; 
R isomer (95051 [596] 


Figure P17.48 


м НЕ — 
18 Ж 
The Chemistry ої 
Aryl Halides, Vinylic 
Halides, and Phenols. 


Transition-Metal Catalysis 


822 


An aryl halide is a compound in which a halogen is bound to the carbon of a benzene ring (or 
another aromatic ring). 


| 
À CHCH; : CH;CH,I 


. "ot an aryl halide; 
1-ethyl-2-iodobenzene halogen not attached directly 
(an aryl iodide} to benzene ring 


In a vinylic halide, a halogen is bound to a carbon of a double bond. 


H CH;CH;CH; 
H.C =CH—Cl C=C 


vinyl chloride Br H 
(chloroethylene) 
(E)-1-bromo-1-pentene 
(a vinylic bromide) 


Be sure to differentiate carefully between vinylic and allylic halides (p. 788). Al/vlic groups 
are on a carbon adjacent to the double bond. Likewise, be sure that the distinction between 
aryl and benzylic halides is clear. Benzylic groups are on a carbon adjacent to an aromatic ring. 
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The reactis ity. of aryl and sianylie halides is quite different [rem that of ordinary alkyl 
halides. [In fact, one of the major points of this chapter ts that aryl halides do ие undergo nu- 
cleophilic substitution reactions by the S.2 or 8,1 mechanisms. 

[n a phenol, a hydrosy ОН group is pce to an aromatic ring. As the following struc- 

tures illustrate, phere? is also the name given to the parent compound. and a number of phe- 
nols have traditional names. 


OH OH OH OH OL Ql 
з С BIE 
phenol catechol resorcinol OH o-cresol CHL 
hydroquinone p-cresol 


Although phenols and aleohols have some reactions in common, there are also important 
Jilferences in the chemical behavior of these twa functional groups. 

A relatively recent field of organic chemistry involves the use of transition-metal catalysts in 
organic reactions. particularly in reactions that involve formation of carbon—varbon honds. The 
reactivity of ary band vins lie halides in substitution reactions is dramatically inereased by cer- 
tain catalysts of this type; and this heightened reactivity will be the vehicle through whieh we 
can learn some of the baste principles invelved in transition-metal catalysis. 

The nomenciature and spectroscopy af шту] halides and phenols were discussed) in 
Sees, 16.7 and 16.5, respectively, The nomenclature of vinylic halides follows the principles 
of alkene nomenclature (Sec. AJAJ. and the spectroscopy of vinylic halides. except for minor 
differences duc to the halogen. is also similar to that of alkenes, 


_ LACK OF REACTIVITY OF VINYLIC AND ARYL HALIDES 
18.1 UNDER S,2 CONDITIONS 


One of the most important differences between vins lic or an | balides and alkyl halides i5 their 
reactivity in nucleophilic substitution reactions. The two most important mechanisms For nu- 
cleophilie substitution reactions of alkyl halides are the S.2 (bimolecular backside substitu- 
tion? mechanism. and the So) (unimolecular carbocation) mechanism (сех, 9.4 and 9.6), 
What happens to vinylic and A halides under the conditions used for $41 or $42 reactions 
of alkyl halides’ 

Consider first the 5.2 reaction. One of the most dramatic contrasts between vinvlie or aryl 
halides and alkyl halides is that simple vinvlie and an | halides are inert under 5,42 conditions. 
For example. when ethyl bromide is allowed to react with Ма” CHOT in CHOH solvent at 
558 "C, the following 5.2 reaction proceeds to completion in about an hour with excellent 


мем: 
| r 35A U e 
“н.с. Kht eee ae —- tae E CH. + Nat = | 
CH,CH;—ür + Na* CHyCH;—O ыт”  CHGCHA—0—CH;CH; + Na* Bro disi 


Yet when vinyl bromide or hromobenzene Is subjected to the same conditions, nothing happens! 


, Вг 
Н Br 
E / | 
ү and arc inert to Nat C -H:O in C-HZOH at SA °С 
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Wh dont vinyle halides undergo 8,2 reactions? In Sec; WAC (Fig. 9.2. р. 3904, we 
learned that. in the transition state of an 542 reaction of an аку halide. the carbon undergo- 
ing substitunion has а 2p orbital to which the nucleophile and the leaving group are parualls 
bound, and is therefere sj7-hs bridized. In other words, this carbon rehybridizes from apr in the 
ШКУ halide to spo in the transition state. The carbon undergoing substitution in a vins lic 
halide is ap -hybridized in the starting material: it contains a 2p orbital involved in the double 
bond. [F ihe 8,2 reaction results tn the development of a second 2р orbital at ibis carbon. then 
this carbon must become. sp-lhybridized. Therefore. an 542 reaction ata sinylie carbon in- 
volves rehybridization from y» in the vins lic halide to sp in the transition state. 


sp-hybridized carbon 


ae 
RI CN R! Q | R! H 
i y 23 j E / " 
C=C C=C—H Cou dim (18.2) 
y fe * jr r E 
yk | H R | R Nuc 
мис : Е T 


{галы slate 


The sp hybridization Мше has such high energv (Sec, 14.2) that conversion of an ару 
bridized carbon into an sp-hybridized carbon requires about 21 kJ mol! 5 kcal mol! ] mere 
energy than is required for an spo ta Ар" hybridization change, The relatively high energy of 
the transition state. caused by sp hybridizaion reduces the rate of 54,2 reactions of vins lie 
halides hy almost four orders of magnitude tby Eq. 9.222, p. 385). This means that. under the 
conditions 1n which the 84,2 reactien ef ethyl bromide takes an hour. transition-state hy bridiza- 
поп alone would cause the same reaction of vinyl bromide to take almost 200 days. 

Rebs bridization, however. is not the only reason that viny iie halides are unreactive in the 
S. 2 reaction. ^ second reason is that the nucleophile Кис: in Eq. 18.2) would have to ap- 
proach the vinyle halide at the hack side of the halogen-bearing carbon and m the plane of ie 
alkene. This arrangement results in significant van der Waals repulsions (а steric effect? of 
both the nucleophile and the leaving group with the groups on the other vinvle carbon, This 
is Shown for the S42 reaction of мл bromide in Fig. 18.1. When the groups on the other 
vinylic carhon are larger than hydrogen, the repulsions are even greater. These repulsiens raise 
the energy of the transition state and decrease the reaction rale even further. 

In summan. both hybridization and san der Waals repulsions (steric etfecrs? within the 
transition state retard the 5..2 reactions of vinvlig halides to such an extent that they do not 
CELF, 

$2 reactions of ard halides have the same problems as those of vins lie halides and two 
others as well. First. backside approach to the carbon of the carbon halogen bond would place 
the nucleophile on a path that goes through the plane of the benzene ring—an obvious 
Impossibility. Furthermore, because the carbon at which substitution occurs would hase to un- 
dergo stereochemical immersion, the reaction would necessarily vield a benzene derivative con- 
taining a twisted and highly strained double Вол, 


twisted double bond 


d" xo DENE 


lf the impossibili of this result is unclear. irs. to build a model of the product -but don't 
break your madels! 
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van der Waals 


repulsion 


, 1 van der Waals 
-— » 
| : Br: repulsion n 
ME 7 \ 
C=C —H 
| 
H i 
| E У 
ЕШР van der Waals d 
van der Waals CH, repulsion 
repulsion 
(a) (Б) 


Figure 18.1 Van der Waals repulsions in the transition state of the 5,2 reaction of vinyl bromide with methox- 
ide, illustrated with (a) Lewis structures and (b) space-filling models. These van der Waals repulsions raise the en- 
ergy of the transition state and decrease the rate of the reaction. 


18.1 Within each set, rank the compounds in order of increasing rates of their 5,2 reactions. Ex- 
plain your reasdning. 
(al benzy! bromide, (3-bromopropyl)benzene, p-bromotoluene 
(b) 1-bromocyclohexene, bromocyclohexane, 1-(bromomethyl)cyclohexene 


ELIMINATION REACTIONS OF VINYLIC HALIDES 


Although 5,2 reactions of vinylic halides are unknown, base-promoted -elimination reac- 
tions of vinylic halides do occur and can be useful in the synthesis of alkynes. 


Х A00 7C. * 

Ph— CH=CH — Br + KOH ж Ph—C=C—H + Kt Вг + Н.О (18.4) 

LE orz) ( distills from 

reaction mixture; 
6795 yield) 
Br Br 
= C;5H;0H uu Role Mus 

PD—CH—CH-—EPh 0 Ph G= te bs ZEE URB 


(67% yield) 


In Eg. 18.5, two successive eliminations take place. The first gives a vinylic halide and the sec- 
ond gives the alkvne. 

Many vinylic eliminations require rather harsh conditions (heat or very strong bases), and 
some of the more useful examples of this reaction involve elimination of B-hydrogens with en- 
hanced acidity. Notice, for example, that the hydrogens which are eliminated in Eqs. 18.4 and 
18.5 are benzylic (Sec. 17.3B). 

Can aryl halides undergo B-elimination? Try to answer this question bv constructing a 
model of the alkyne that would be formed in such an elimination. We'll return to this issue in 
sec. 18.4В. 
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PROBLEM А . . . T 
18.2 Arrange the following compounds according to increasing rate of elimination with NaOC.H, 
in CHOH. What is the product in each case? 


Ph Ph Ph Br = Ph Ph H Br 
Nf С Е d И, 
C=C с=с =C C=C 

f fo N / 
H Br H Ph H Co è H Ph 
A B C 1) 


Recall that tertiary and some secondary alky! halides undergo nucleophilic substitution. and 
elimination reactions by the 5,1 and EI mechanisms (Sec. 9.6). For example, tert-butyl bro- 
mide undergoes a rapid solvolysis in ethanol te give both substitution and elimination products. 


СТЕ ЄЛЇЇ, CH, INS 

EN HOH EE" ЖОК | N Е 
Е жае + == е Et sp - Hy—C—OCH, + с : HBr: 

CH, CH; CH, Н. 


CDM P UIT і, 


Vinyle and aryl halides, however, are virtually inert to the conditions that promote S41 or E] 
reactions of alkyl halides. Certain vinylic halides сап he forced to react by the S,1-EL mech- 
anism under extreme conditions. bul such reactions are relatively uncommon. 


CH, 
. | : 55 0 | 
H.G—CG—BDBr + (МОН ж ә noreaction (1871 
- Aa l : 
Bro + ДОН ж  noreaction (18.8) 


To understand why vinyl and агу halides are inert under S41 conditions, consider what 
would happen if thes were to undergo the ST reaction. Ia vinhe halide undergoes an S, I 
reaction, H must konze to form a АРАС cation. 


K 
DN * " 
M (Н. — —H R—t(-—tGIH: kr: (Pst) 
Further Exploration 18.1 "ved a vinylic cation 
vinylic Cations “Вт: i 


A vinylic cation is а carbocation in which the electron-delicient carhon is also part of a dou- 
ble bond. An orbital diagram of a vinylic cation is shown in Fig. 18.23. The electron-deticient 
carbon is connected to two vroups. Ihe R group and the other carbon of the double bond. 
Hence. the geometry at this carbon 15 fede (See. 1.3B)0 and the electron-deticient carbon is 
therefore yp-hy bridived. Notice that the vacant 2p orbital is 2602 conjugated with the z-electron 
system of the double bond: in order to be conjugated, i would have to be coplanar with the 
douhle-hond a system. Vinyle cations are considerably less stable than alkyl carbocations be- 
cause their sp hy bridization has a higher energy than the sp^ hybridization of alkyl cations (the 
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H 
H + 
+ 
H.C—C—R 
H H 
2p orbitals of the H 
double bond these three carbons 


cannot become co-linear 


i 


| 


\ HO empty sp orbital 


empty 


FF m 
Z[! AAAA 
Li 


sp-hybridized carbon 


(a) vinylic cation (b) агу] cation 


Figure 18.2 Lewis structures and corresponding orbital diagrams of vinylic and aryl cations. The thin gray lines 
indicate orbital overlap, (a) A vinylic cation. In this cation, the empty 2p orbital of the cation (blue) is oriented at 
right angles to the 2p orbitals of the т bond. The carbon with the empty 2p orbital is sp-hybridized. (b) Phenyl 
cation, the simplest aryl cation. The electron-deficient carbon and the two adjacent carbons cannot become co- 
linear. Consequently, the empty orbital (blue) is not a true 2p orbital; it has more s character than the empty orbital 
in the vinylic cation. 


same reason that alkynes are less stable than isomeric dienes), and because the electron-with- 
drawing polar effect of the double bond discourages formation of positive charge at a vinylic 
carbon. Hence. one reason that vinylic halides do not undergo the 5.1 reaction 15 the instabil- 
itv of the vinylic cations that would necessarily be involved as reactive intermediates. 

The second reason that vinylic halides do not undergo the $41 reaction is that carbon-halo- 
gen bonds are stronger in vinylic halides than they are in alkyl halides. А vinylic 
carbon-halogen bond involves an sp^ carbon orbital. whereas an alkyl carbon-halogen bond 
involves an sp* carbon orbital. Hence. a vinylic carbon-halogen bond has more s character. 
Recall that bonds with more s character are stronger (Eq. 14.26, p. 664). Consequently. it takes 
more energy to break the carbon-halogen bond of a vinylic halide. This additional energy is 
reflected in a smaller rate of ionization. 

5, | reactions of aryl halides would involve агу! cations as reactive intermediates. 


[à 
: NE З 
> + :Br: (18.10) 


phenyl cation 
(an aryl cation) 


An aryl cation is a carbocation in which the electron-deficient carbon is part of an aromatic 
ring. Ап orbital diagram of an aryl cation is shown in Fig. 18.2b. Because the electron-defi- 
cient carbon in ап aryl cation is bonded to two groups, it prefers a linear geometry; but this 
geometry is impossible, because it would introduce too much strain in the six-membered ring. 
Consequently, the vacant orbital cannot become a 2p orbital, and must remain an sp? orbital. 
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Because an ary! cation is forced to assume a nonoptimal geometry and hybridization, it has a 
very high energy. The electron-withdrawing polar effect of the ring double bonds also desta- 
bilizes an aryl cation, just as a double bond destabilizes a vinylic cation. Thus. S,1 reactions 
of ary! halides do not occur because they would require the formation of carbocation interme- 
diates—ary! cations—with very high energy. 


Note that an ary! cation is quite different from the cation formed in electrophilic aromatic substitu- 
поп (Eq. 16.9а, p. 753), in which the carbocation intermediate is stabilized by resonance. In an ary! 
cation, the empty orbital is not part of the ring 7z-electron system but is orthogonal (at right angles) 
to it. Hence, this carbocation is nor resonance-stabilized. 

The first direct observation of an aryl cation (the phenyl cation. Eg. 18.10) was reported in 2000 
by chemists at the Ruhr-Universität in Bochum, Germany, who trapped the cation at 4 K and ob- 
served it spectroscopically. Thus, aryl cations are known species. However, they are far too unstable 
to form from aryl halides under typical 8,1] conditions. 


PROBLEM 8 TAM : ; : : 
| PROBLEM | 18.3. Within each series, arrange the compounds according to increasing rates of their reactions hy 
the S,,1-Ei mechanism. Explain your reasoning. 


(ay пт 4 | ji 
А B C 
(b) | T С 
А В C 


NUCLEOPHILIC AROMATIC SUBSTITUTION 
REACTIONS OF ARYL HALIDES 


Although aryl halides do not undergo nucleophilic substitution reactions by Syl and 5,2 
mechanisms, aryl halides that have one or more nitro groups ortho or para to the halogen un- 
dergo nucleophilic substitution reactions under relatively mild conditions. 


67 "C, 10 min 


Fo — ч "+ — 
QN F + K* CHO CHOH O-N ОСН: + K* F^ (18.11) 
p-fluoronitrobenzene p-nitroanisole 
(93% yield) 
NO; NO; 
O.N ду аны: —2 ee ү NH; + HCL (1812) 
5 (pressure } 
1 -chloro-2,4-dinitrobenzene 2,4-dinitroaniline 


(7096 vield) 
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These reactions are examples of nucleophilic aromatic substitution: substitution that occurs 
at a carbon of an aromatie ring by a aucleophilie mechanism. 

Lets examine some of the characteristics of this mechanism. Lake 84,2 reactions. nucle- 
рин aromatic substitution reactions im olye nucleophiles and leaving groups. and they also 
obey second-order rate laws. 


гше = А|шу halide|] nucleophile] ЖЕЛЕ 


However. nucheophilte aromatic substitution reactions do not involve à concerted backside 
substitution For the reasons given in Sec. 18.1. Two clues about the reaction mechanism come 
from the reactivities of different aryl halides. First, the reaction is faster when there are more 
nitro groups ortho and para to the halogen leaving group: 


NU. MA). relative 
| rate 
/ 
On \ C] + “OCH, ж OLN OCH + CIT 102—100 СЕ. dan 
ON {oN Cl ХИ ж О.м АХ QUII e I | SEMEL 
ИА. Cl - TOCH, эж no reaction =() SIME 


Second. the effect of the halogen on the rate of this ty pe of reaction is quite different from that 
in the У or S, ? reaction ol alkyl halides. In nucleophilic aromatic substitution reactions. ary | 
tfluorides are most reactive. 


Reoctivities ef crv halides: 
Ат— 242» АГС = Ar —Br = Ar] ДЕЗЕ 


In 54,2 and 5,1 reactions of e&v/ halides. the reactivity order is exactly the reverse: alkyl Ñu- 
ondes are the least reactive alkyl halides (Sees. 9.4F and 9.001. 

These data are consistent with a reaction mechanism in which the nucleophile reacts at the 
halide-hearing carbon below tor above) ihe plane of the aromatic ring to yield à resonance- 
stabilized union called à Meisenheimer complex. In this anion, the negative charge is delocal- 
ized throughout the z-electron system of the ring. Formation of this anion is the rate-limiting 
step in many nucleophilic aromatic substitution reactions. 


FOCH, 


ON is A / [ rate-limiting 
fi, e. " 
CX], = (XH, = OCH, 
ULN a -— — one е ON X TESITT 
=== | + F F 


a Meissenheimer complex 
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The negative charge in this complex is also delocalized into the nitro group. 


‘QO OCH, 4 OCH; 
| N | ч ——À»- N (18.16b) 
i^ u i 


The Meisenheimer complex breaks down to products by loss of the halide ion. 


X OCH; К° 
ont X, — on Soo d iF: PLB. 16c) 
F: 


Let's see how this mechanism fits the experimental facts. Ortho and para nitro groups 
accelerate the reaction because the rate-limiting transition state resembles the Meisenheimer 
complex, and ortho and para nitro groups (but not meta nitro groups) stabilize this complex by 
resonance. Fluorine also stabilizes the negative charge by its electron-withdrawing polar ef- 
fect, which is greater than the polar effect of the other halogens. Because the /oss of halide ts 
not rate-limiting, the basicity of the halide, or equivalently. the strength of the carbon-halogen 
bond, is not important in determining the reaction rate. 

Although we have used aryl halides substituted with ortho- and para-nitro groups to 
illustrate nucleophilic aromatic substitution, it stands to reason that other suhstituents that can 
provide resonance stabilization to the Meisenheimer complex can also activate nucleophilic 
aromatic substitution. (See, for example, Problem 18.52.) 

Notice how the nucleophilic aromatic substitution reaction differs from the S,2 reaction of 
alkyl halides. First, there is an actual intermediate in the nucleophilic aromatic substitution re- 
action—the Meisenheimer complex, (In some cases, this is sufficiently stable that it can be di- 
rectly observed.) There is no evidence for an intermediate in any S,2 reaction. Second, the nu- 

СЯ cleophilic aromatic substitution reaction is а frontside substitution: it requires no inversion of 

| configuration. The 5,2 reaction of an alkyl halide, in contrast, is a backside substitution with 

Contrast of Aromatic — inversion of configuration. Finally, the effect of the halogen on the reaction rate (Eq. 18.15) is 

Substitution different in the two reactions. Aryl fluorides react most rapidly in nucleophilic aromatic sub- 
Reactions stitution, whereas alkyl fluorides react most slowly in S42 reactions. 


PROBLEMS 18.4 Complete the following reactions. (No reaction may be the correct response.) 


(a) м 
O.N p C] T C;H4NH; aa 
NO, \ 


F + CH3(CH2)35°" соні 
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18.5 Which of the two compounds in each of the following sets should react more rapidly in a nu- 
^ aromatic substitution i with pos in Gon Explain your answers. 
(а) r 


g^- Q^ On 


“осн, 


NO; 


INTRODUCTION TO TRANSITION-METAL 
.. CATALYZED REACTIONS 


785 


We've just learned that S41 and $42 reactions cannot be carried out on either aryl or vinylic 
halides, However, reactions that look very much like nucleophilic substitutions can be carried 
out using certain transition-metal catalysts. Here are some examples. 


На: 


Pd | P K 2 | 


CH; (catalyst СН, 
HCHaCHSnN 
+ Н == 0 Н. A ——- + HBr (18,17) 
j А CHA == (solvent) neutriffzed by 
Ith, 123 € CH=CH; P 
nr the (CILCHsIaN 
0-bromotoluene o-methylstyrene 


LEA vield) 


This reaction, culled the Heck reaction, has become very important in organie synthesis. We'll 
revisit this reaction in Sec. 18,6A, Notice the formation of the carbon-carbon bond and the re- 
lease of bromide as HBr. Superticiallv, it looks as if the conjugate-base anion of ethylene dis- 
places hromide ion from the aromatie ring. However, this reaction occurs by a very different 
mechanism and does not happen without the palladium catalyst. (Only about 1 mole & of ihe 
catalyst is required.) 

in the following reaction, we see the substitution of a vimvie bromide by a thiolate anion. 


i Вг ООШ... SCH.CH, 
calbalvs " . _ 
C=C + Lit ADR, — e C=C + p* Bro (18.18) 
/ b is rd М, 
Н Н Н Н 


БШ yield) 


This reaction. too. looks superheially like à nucleophihe substitution reaction. But this reac- 
tion also proceeds by a different mechanism and does not take place without the catalyst. 
which is present in only 1 mole *£. Notice also the retention of alkene stereochemistry. à very 
different result from that expected in an S,2 reaction. 

These are but two examples of thousands now known in which transition-metal catalysts 
bring about seemingly "impossible" reactions. The field of transition-metal catalysis has ex- 
ploded in the last four decades. and it has become very important in both laboratory and indus- 
trial chemistry, as well as in some areas of biology. This field is part of the larger held of 
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organometallie chemisiry; the chemistry of carhon-metal bonds. (Grignard reagents and 
lithium dialkyleuprate reagents are examples of organometallic compounds that you eneoun- 
(еге! in Secs. 8.8 and ТУС and will encounter agam in subsequent chapters.) Our eoal in this 
section 1s 10 understand some of the basie ideas of transition-metal catalysts. Then, in Sec. 
18.6. we'l] examine a few important transition-metal eataly zed reactions im the light of these 
principles. 


A. Transition Metals and Their Complexes 


Recall from general chemistry that transition metals are the elements in the "d block” or "B^ 
groups of the periodic table (groups 3-12 in the IUPAC numbering} These elements are 
shown im Pig. 18.3. [n a given period н. elements are characterized bs the progressive ning 
af d orbitals in quantum level н — 1 and the s orbital in quantum level я. Thus. in the fourth 
period. the transition elements are characterized by the tilling of the one 4s and the five 3d or- 
hilals. Because the 45 and Ad orbitals have very similar energies. it ts usually convenient го 
think of the electrons tn both types of orbitals together as valence electrons. For example. NI 
hus the electronic configuration [ Ar] 73d. but we classify Nias a [0-valence electron atom. 

Central to transition-metal chemistry are a wide variety of compounds containing transition 
metals surrounded by several groups. culled ligands. Such compounds are cailed coordination 
campounds or transition-metal complexes. These can he neutral molecules. as in the first of 
the following examples, or complex fos, as in the second example. 


NI, di 
CL „МН, Н.м, | NIE 
p A Ec 
cl NH ENT | МН, 
NH; 


cis-diamminedichtoroplatinum(I]} 
i cis- platin, an antiturner drug) 
a neutral complex 


hexamminecabalt(lII!? ion 
a complex ion 


To deal systematically with transition-metal complexes, we must be aware of. and be able 
to apply. certam conventions: 

|. how to classify ligands 

2. how to specify formal charge on the metal 

3. how to calculate the oxidation state of the metal 

4. how to count electrons around the metal 


In transition-metal chemistry, all ligands are Lewis bases. That is; ligands interact with tran- 
«tion metals by donating electron pairs. There are two types of ligands. The first we'll eall an 


Group ннат АВ JH aR 6H DB an in AH 
Valence electrons А D 
3 4 5 б / х g 10 11 12 


in the neutral atom 


Dauer d ; 
ГЕП 4d —— 


Period 5 = 


Period 6 —=— 


Figure 18.3 The transition metals. The red numbers indicate the number of valence electrons touter shell s and 
d electrons) in the neutral atoms. (These are the same as the IUPAC group numbers in the periodic table: see the 
inside of the rear cover.) 
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L-ivpe Ишин | you imagine that if a ligand dissociates from the metal with its bonding elec- 
tron pair and thus hecomes a neutral molecule. the ligand is an L-type ligand. For example. ans 
one of the NH, ligands in the two preceeding complexes is an L-type ligand because if we re- 
move Им its bonding electron раг. we get INH. the neutral molecule дїп. 

The second type of Бойла 1s termed an X -type грен? WU you imagine that if adigand disso- 
clates from the metal with its bonding electron pair and thus becomes a negative топ, the lig- 
and is an X-type ligand. Thus. C] in cis-platin (the first example is an X-i pe ligand, because 
removing 1t with its bonding pair of electrons gives the chloride ion. CI. 

The classification of ligands has implications for computing formal charge. From e Jornal- 
charge perspective, the bonding electrons en Буре Baur are considered to "heleng бо 
pletely to the digand. Lets see how this differs from the way we treat bonds in maln-group 
chemistry. We know that a nitrogen with four bands in main-group chemistry, for example, the 
ammonium ion. * NH,. has a positive formal charge. I we were to lake a similar view with сх 
platim, the mitrogens would each have à positive charge: and, because the complex is neutral, the 
Pr would hase a charge of 2. A neutral transition-metal complies bearing sis L-type ligands 
would thus have a charge of 76 on the metal and à positive charge on each ligand. It ts incon- 
venient to draw out all of these charges: moreover, a formal charge of —6 on a metal is highly 
unrealistic. Instead, we adept the convention that the electron pair in an -type ligand is as- 
signed completely to the ligand. Sometimes this point is emphasized by leaving the bonding 
electron pair on the ligand amd depicting the ligand metal bond às ан arrow [rom these eleg- 
trons to the metal. This is called à dete bond. 


Cl NH; 


x ! 
t dative bonds 


|? 
РА 
CI pe 


Because electrons on an L-type ligand belong to the ligand, removal of the Heand does not 
change the formal charge on either the Hgand or the metal: 
Cl NH, Cl Pu. 
ENS pA 
Pt —— "t + УН, РТА РО 


е. РА 
Cl NH, Cl 


In contrast. electrons in the bonds to X-t pe ligands are assigned in the same way that we 
assign electrons in main-group chemistry: one electron ts asstgned ro the digand and one to the 
metal, This means that if we remove an A-type ligand, it takes on an additional negative 
charge and the metal takes on a compensating positive charge: 


Cl NH, C] NH, 
i к 7 
t — | Hu СЕ | 8.20 
A M : [ | 
Cl NH, NH. 
"а wA 


Dillerentialing between X-type and L-type bonds isa vers convenient bookkeeping device, 
hut we should hear in mind that both types of bonds are covalent bonds, and the degree to 
which electrons tand charge) are transferred to the metal varies widely in both ty pes of bonds, 
depending on the metal and the Папа. 

Table 18.1. on p. 834, lists some of the common Itgands used m transition-metal chemistry, 
These are vlassified as L-type or X-1ype ligands. It is worth noting peo things about this table, 
First. alkenes or aromatic rings ean act as ligands by donating their zz electrons to a metal; Seg- 
ond. allyl and cvelopentadienyl (Cp) are classified as both L-twpe and X-tspe ligands. Lets 
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ABLE 18.1 Some Typical Ligands Used in Transition-Metal Chemistry 


Ligand Name Abbreviation Type Electron count* 
НМ: = ammine | | L 2 
HjÓ: aquo L 21 
К,Р: (В = alkyl, агу!) арно іо, "a i Е 2 
triarylphosphino 
C=O: carbonyl CO L 2+ 
н,С==Сн,* ethylene L 2 
єн =N acetonitrile MeCN L 255 
C 2 benzene і; z 
Е, СІ", Br, I” | halo (e.g., chloro) - X X " 
H- hydrido — _ а | X 2 
- i —— <= 

HC—C—0- acetato AcO x zu 
R: eg., HaC: alkyl (e.g, methyl) X 2 
CC ==: cyano CN x 2t 
HEC —CH— ён, айу! LX 4" 
( \ cyclopentadienyl Cp L.X 6 


*The sum of all electrons in the bond(s) between the ligand and the metal. 
foniy one electron pair is involved in the ligand-metal interaction. 
*Only the electron pair on carbon is involved in the ligand-metal interaction. 
3 Ethylene is listed as a prototype for many alkenes. 
3Donation of the nitrogen unshared election pair. 
"Aliyi can also bind to metals as an X-type ligand. In such a situation, the т bond is not involved in coordination and 
the electron count is 2 (as with alkyl}. 


consider the Cp case to understand this. The cyclopentadienyl anion was discussed in Sec. 
15.7D as an example of an aromatic ton with six 7r electrons. Table 18.1 indicates that Cp 15 
an example of an L.X ligand. What this means ts that ene X-type bond accounts for the fact 
that Cp takes on оле negative charge when removed with a bonding pair from the metal, and 
that the four remaining 7 electrons (that is, two double bonds) take part in two L-type bonds. 
In other words, we can think of a metal-Cp complex in the following way (M = metal): 


AEN. (18.21) 


W 


M 


We know that the т electrons in Cp are completely delocalized, and they remain delocalized 
in metal complexes. (See the structure of ferrocene [Cp,Fe] on p. 728, which shows this delo- 
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calization.) Consequently, a more accurate picture of such a complex would show the “L” and 
"X" character of the bonds parceled out equally over all five carbons, with each carbon partic- 
ipating in 2056 of an X-type bond (5 X 0.20 = 1.0 X-type bond) and 40% of an L-type bond 
(5 X 0.40 = 2.0 L-type bonds). But this delocalization can be ignored for the bookkeeping 
purposes discussed in this section. 


PROBLEM ez 
18.6 Noting the LX character of the allyl ligand in Table 18.1. sketch the allyl-metal interaction, 
showing both L-type and X-type bonds. Use M as a general metal. 


B. Oxidation State 


The oxidation state of the metal is an important concept in organometallic chemistry. Oxida- 
tion state can be conceptualized as the charge the metal would have if all covalently bonded 
atoms—that is, all X-type ligands— were dissociated with their bonding electron pairs. For ex- 
ample, if the oxygens of manganese dioxide, O—Mn —O. were to dissociate from the man- 
ganese with their bonding electron pairs, the oxygens would each take on a —2 charge, and the 
manganese would take on a +4 charge. Therefore. the manganese has an oxidation state of 
+4. (This process is essentially the same as the one used for assigning oxidation numbers to 
carbon atoms in oxidation-reduction reactions [Sec. 10.5A ]). Eq. 18.22 formalizes this idea: 


Oxidation state of M = number of X-type ligands + Qu (18.22) 


In this equation, Q,, is the actual charge that M has before the fictitious dissociation of the X- 
type ligands, To illustrate a situation involving Q. consider the hexachloroplatinate dianion, 
[| Pt(CI,)|^^. For this species. Q,, = —2. If the six chlorines were to dissociate with their bond- 
ing electrons, the charge on Pt would be +4, because Pt starts out with a —2 charge before the 
fictitious dissociation. To be sure that the oxidation state and the actual charge Q,, are not con- 
fused. the oxidation state is sometimes indicated with Roman numerals. Hence, the name of 
the ion [Pt(Cl,)]"~ is hexachloroplatinatet(TV ). 

L-type ligands do not contribute to the oxidation state. You should verify that the oxidation 
state of platinum in the neutral complex Cl,Pt(PPh,), is +2. 


ааш, 18.7 Calculate the oxidation state of the metal in each of the following complexes. 


(а) О (b) Pd(PPh;), (c) Cp Fe 
O-—Mn-—O- tetrakis(triphenylphosphine)palladium ferrocene 
| 
О 
permanganate 


18.8 What is the oxidation state of the metal in the starting material in the following reaction? 
How does it change, if at all, as a result of the reaction? 
PPh; PPh; 
Ж PhP.. | PPh, 
| лы: 

Cl 


chlorotris(triphenylphosphine)rhodium 


Ci 
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C. The d" Notation 


| Study Problem 18.1 


[n understanding the reactions of main-group elements that follow the octet rule, it is impor- 
tant in applying acid-base concepts for us to know whether the element undergoing a transfor- 
mation has unshared valence electrons. Often these unshared electrons are shown explicitly. In 
transition-metal chemistry, it 1s also important to know whether the metal has unshared va- 
lence electrons. In many cases, the metal has so many unshared valence electrons that it would 
be impractical or confusing to draw them all. Instead, we use a convenient algorithm to calcu- 
late the number of unshared valence electrons. The number of unshared valence electrons on 
the metal is the number r in a notation called d". For example, if the metal in a complex has 
eight unshared valence electrons, we say that the complex is a d” complex. 

We calculate n by determining the number of valence electrons remaining on the metal 
after removing all ligands with their electron pairs. We start with the number of valence elec- 
trons in the neutral transition element (from Fig. 18.3). We remove an electron for each posi- 
tive charge, add an electron for each negative charge, and then subtract one electron for each 
bond to an X-type ligand. L-type ligands have no effect on d". 


n = valence electrons in neutral M — Qu — number of X-type ligands (18.23) 
Introducing the definition of oxidation state in Eq. 18.22, Eq. 18.23 hecomes 


п = valence electrons in neutral M — oxidation state of M (18.24) 


| Calculate n in the 4" notation for ferrocene, Cp,Fe. 


Solution We'll make this calculation with both Eqs. 18.23 and 18.24. From Fig. 18.3 we see 
that neutral Fe has eight valence electrons. The charge of the iron is zero, and Table 18.1 shows 
that each Cp ligand has one X-type bond: the iron thus has two bonds to X-type ligands. Hence, 
n = 8 — 2 = б, and ferrocene is thus a 2° complex. 

From Eq, 18.24, we calculate that with two X-type ligands and zero charge, the Fe in fer- 
rocene has a +2 oxidation state; hence, Eq. 18.24 gives the value of n as 8 — 2 = 6. 


Sidi ede 18.9 What is d^ for each of the following complexes? 


(а) [W(CO),]" (b)Pd(PPh;), (c) PPh; 


H CI 
H 


Electron Counting: The 16- and 18-Electron Rules 


In main-group chemistry, we use the octet rule as one indicator of reactivity. For example, we 
know that if a main-group element in a compound has fewer than an octet of electrans, it can ac- 
cept an electron pair from a Lewis base in a Lewis acid—base association reaction. In other 
words, main-group elements have a tendency to complete their octets. Recall that counting for 
the octet involves adding an element's unshared valence electrons to the number of electrons in 
all bonds to the element. The electron count in transition-metal complexes is also important and 
Is determined in a similar manner. 
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To determine the electron count tor a trunsiuon-metal complex. we start with the a chec- 
trons in the e” count—the unshared electrons. — and add (vo electrons for every ligand (both 
L-type and Муре}. Thus. 


electron count 2 2 > 2(umber ol all еам) (18.241 


The mulüplier 2 is required because there are two electrons per bond. The rationale for 
this Formula 1s that the number n is the number of unshared valence electrons on the metak the 
tal electron count is the unshared yalenge electrons plus all electrons in bonds, nist as in 
counting for the octet rule. Using Eq. 18.24, we can rewrite this tormula in terms of the 
oxidation state of the metal: 


electron count = valence electrons m neutral M = oxidation state of M 
t 2tnumber of all ligands) CIN. 264 


Bs incorporauneg the definition of oxidation state (ig. 18.27). we obtain yel another equisa- 
lent formula: 


clectron count = valence electrons in neutra] М (3, 
— number of X-tvpe ligands + 2onumber of all ligands) ШОМ 


Recognizing that all ligands = X-tspe ligands 7 L-type ligands, we finally obtain a very use- 
Iul formula for electron count: 


electron count = valence electrons in neutral M = 0, 
~ number of X-tvpe ligands ~ општег of L-type Iigands? (08.251 


Thus, to obtain the electron eount in а complex. we start with the electron count of the neutral 
metal tram Fig. 8.3: we subtract the charge on the metal (fuking into account Ws algebrai: 
мып: we add the number of X-tvpe ligands: and we add лсе the number of L-type leans. 
Don't let the mathematical derivation of Eq. 18.28 obscure its rationale; Remember that the 
goal is to vount all unshared and bonding electrons about the metal. Because an X-type heand 
by definition has one eleciron in it М —X bond asstened ta X. we have to add this electron 
buck to obtain the total number of electrons in the bond. Because both electrons in the dative 
bond to an L-type ligand are assigned to the ligand. we have to multiply each L-type ligand һу 
2 t0 count both of these handing electrons. 

Lets use Eg. 18.28 to culeutate some electron counts. For example. the electron count of 
NCO is J0 GQ 0 5 20 — 18. This is an [E8-clectron complex. (This compound, 
lelracarbons скен). is a very stable complex of NI.) 

The electron count of CRP РР is 00 0 + Дд + 200) = 16. This is à [6-electeon 
complex, 

In transition-metal chemistry. dhe most stable complexes in many cases have electron 
counts of [8 electrons, This statement is called the [8-electron rule. HCO) a very stable 
complex of МКО», is an example of the 18-electron rule. Just as the octet represents the num- 
her of valence electrons (Spin the outermost s amd p orbitals of the nearest noble gas. 18 elec- 
trons is albo the number of total s + p + d valence electrons im the nearest noble gas, 

Exceptions to the I8-electron rule occur. and an important type ol exception occurs fre- 
quently with transition metais in the 8-11 valence-electron group t Fig. 18.31), which includes 
NI and Pd, two metals of prime importance 1n the twansition-metal-cataly zed reactions dis- 
cussed in this section, ATiheush а number of stuble complexes ol these metals have 18 elec- 
trons, others contain 16 electrons. The tendency of these metals to surround themselves with 
Из electrons can be called the 16-electron rule. The C],Pd(PPh,). example shows the opera- 
lion of the T6-electron rude. 
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PROBLEMS | ; Е 
"€ 15.10 What is the electron count for the Rh complex shown in Problem 18.907 


18.11 How many CO ligands would be accommodated by Fe(0) if we assume that the resulting 
complex follows the 18-electron rule? 


18.12 Using the 18-electron rule, explain why М(СО), can be easily reduced to [V(CO),] . 


We used hybridization arguments to understand the basis of the octet rule in main-group 
chemistry (Sec. 1.9). Thus, the main-group element carbon has four valence orbitals (for ex- 
ample. four 5р? hybrid orbitals) that can either form two-electron bonds or house unshared 
electron pairs. We can justify the 18-electron rule in a similar way. Consider, for example, the 
complex ion [Co(CN),|°~. Using Eq. 18.22, we see that the oxidation state of Co is +3. and, 
from Eq. 18.24. that this is a d^ complex. This means that Со(Ш) in this complex has six un- 
shared electrons. Let's imagine building this complex from a "naked" Со‘? ion. Start with the 
electronic configuration of this ion, as shown in Fig. 18.4a. Allow all the electrons to pair. as 
shown in Fig. 18.4b. Because tbis electron pairing violates Hund's rules, it requires energy. This 
electron pairing leaves two 3d, one 4s, and three 4p orhitals unoccupied. These are hybridized. 
as shown in Fig.-18.4c, to give six equivalent ар) hybrid orbitals. Six equivalent hybrid or- 
bitals are directed to the corners of a regular octahedron in the same sense that sp* carbon or- 
bitals in methane are directed to the corners of a regular tetrahedron. Hybridization also requires 
energy. Each of these empty hybrid orbitals can accept an electron pair from a cyanide ion 
( CN). Because these hybrid orbitals are directed in space, they can form stronger bonds to 


Unhybridized Co** (4^1: 


4p —— — — | 4p Se 
pair the 
electrons 
4s E я 45 —— 
зң —- Е peo ad He -H- -H- —— — 
(a) (b! 


Р? CN 
АА —0€ E ec ev 0c 0c NC;-/ | СМЧ 
orbitals | TA 
xx = cvanmde electro! PRS 
з БЕ : и + МС | CN 
f TOT CN 
(unaffected by hybridization) (d) 


(c) 


Figure 18.4 Development of the hybrid orbital description of [Co(CN), ^^, an 18-electron complex ion. (a) The 
electronic configuration of Co**. (b) The Co electrons are arranged in pairs; the empty orbitals that remain (red) are 
used to form hybrid orbitals. (с) The empty orbitals are hybridized into six equivalent d*^sp* hybrid orbitals. Each of 
these orbitals can accept an electron pair (symbolized by X X) from a CN ion. (d) The hybrid orbitals and, hence, 
the six CN that bind to them are oriented to the corners of a regular octahedron. (The edges of the octahedron 
are indicated with blue dashed lines.) 
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cyanide than unhs bridized orbitals. and the strength of these bonds more than compensates for 
the energy cost of electron pairing and hy bridization. The result is the octahedral Сом), 
complex shown in Fig. 18.4d. [n other words, the 13-electron rule results from the rehybridiza- 
tien and maximal occupancy of all valence orbitals of the Со ion. 

The I6-electron rule is important in square planar complexes of the [Q-electron elements 
Ni, Pd. and Pt. For example. consider the antitumor drug ci5-platin, CLPUNH,). (р. 832). This 
isa T6-electron d^ complex of PED that has square planar geometry. 17 we start with a Pi* 
ion and arrange its eight electrons in pairs within tour Sef orbitals, this leaves a single 54 or- 
bital. a бз orbital. and three 6p orbitals empty. It turns out that hybridization of four of the five 
empty orbitals to give Four dsp^ hybrid orbitals and one relatively high-energy бр orbital is à 
particularly favorable hybridization: 


өр 
(empty, unhybridized) 


i MOX, 
dsp- hvbrid 
orbitals 


XXx- —e6€- OC [square planar] 


The four hybrid orbitals are directed to the corners of a square and accept the electron pairs 
from the four ligands to give a square planar complex. The element platinum ean also adopt 18- 
electron configurations. but the point is that the [6-clectron configuration is reasonably stable. 

As in main-group chemistry. hybridization arguments are useful for visualizing electrons in 
bonds. but they are inferior to molecular orbital arguments for detailed understanding of mol- 
ecular energies, The branch of molecular orbital theory that deals with transition-metal con- 
plexes is called figand field theory, We need not explore this theory here: but suffice it to say 
that this theory provides excellent support for the 1б- and 18-eiectron rules, 


PROBLEM ; =e : 
| PROBLEM | 18.13 Use a hybridization argument to predict the geometry of (а) the [Zn(CN),|"" ion; (b) the 
neutral compound Pd(PPh,),. 


E. Fundamental Reactions of Transition-Metal Complexes 


We have now been introduced to the preliminaries that we need to understand the mechanistic 
basis of some transition-metal-catalyzed reactions, and we're ready to look at these reactions 
in detail. [t turns eut that transition-metal complexes undergo a relatively small number of tun- 
damental reaction types, and many reactions are readily understood simply as combinations of 
these Fundamental processes. The goal of this section is ta introduce а few of these. 


Ligand Dissociation-Association; Ligand Substitution (ne ol the most common re- 
actions of transition-metal complexes is Head dissoctation and tts reverse, Hgand associa- 
поп. In Heund dissociation. a ligand simply departs from the metal with its pair of electrons, 
easing a vacant site (orbital) on ihe melal. 


Pd PPh h ж” Pd PPh), + :РРҺ, tL 8.28] 


АШ РД! 
an 18 complex a lt complex 
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This process does not change the oxidation state of the metal; but it does change the electron 
count. А figand substitution can occur by the dissociation of one ligand and the association of 
another, which is somewhat analogous to an S4 1 reaction in alko | halides. or by a direct sub- 
stitution. in which one ligand displaces another. somewhat analogous to the 5,2 reaction. 


PhP | PhP CH, 
"хл WP. 
Pd АЫ ЫШ =— Pd HET 118.30) 
a X* “М 
РР Ph РР Ph 
ИШЕ ДЕ 
а lee” complex aloe complex 


[n the most common ligand substitution reactions. ligands of the same type ure exchanged: X- 
уре ligands for X-ts pe ligands and L-type ligands for L-i pe ligands, 


Oxidative Addition Іп oxidative addition, à metal M reacts with a compound X Y to 
form a compound X — M — Y: the metal "inserts" into the X -Y bond. We have already stud- 
ed an important reaction of this type: the formation ef à Grignard reagent from Me metal and 
an alks | halide (See. 88A 1. 


R—Br + Мад ——»- А Ма Hir TESIRI 
Sly Oy Alp ll. 


As the term oxidative addition" implies. the Mg ts oxidized. An electron count for My in this 
reuction is 2 fora metal and 4 in the Grignard reagent. t Remember. though. that Mg is a main- 
group metal and is not subject to the 16- or 1 8-electron rules.) 

An example of oxidative addition from transition-metal chemistry is the insertion of Pu 
Inte the earbon-halogen bond of 10dobenzene: 


TE NP Ph 
[ mb Phi У: 
РА + Bn] e—- Pd БАШ 
ZON 
PhP PhP | 
Pati: Pat lE: 
a eT complex a lhe^ comptes 


Barth of new bonds are X-type bonds. As a result of this reaction. both the electron count and 
the oxidation number of the metal increase by beo units. 

Oxidative addition 1s a remarkable reaction that lies at the heart of transition-metal eatalvsis 
with aryl and vinylic halides. Why is t that a metal can break à sigma bond in this was? Mole- 
cular orbital theory provides à simple way to understand this process, as shown in Fig. 18.5. 
Think of the curbon-halogen bond as a localized bond lor simplicity. and imagine a molecular 
orbital treatment of this bond much Ithe the molecular orbita] treatment of the H— H bond in 
H- (Sec. LBA). The earbon-halogen bond has an associated bending molecular orbital which 
I» occupied by the two bonding electrons, and an опол molecular orbital. which is un- 
occupied, The bonding molecuiar orbital can serve as a ligand, donaung its electrons to one of 
the empts hybrid orbitals on the metal. At the same time, one of the filled d orbitals of the metal 
overlaps with the сполна molecular orbital of the earhon-halogen bond. This additional 
overlap лене ен the metal Degand interaction. bul weakens the carbon -halogen bond, be- 
cause addition of electrons to an antibonding molecular orbital removes the enereetic mivan- 
tage of bonding. (See Fig. 1.14. p. 35.) The carbon-halogen bond ts weakened suftieiently that 
и actualls breaks. Hence. electrons How from rie arvi halide te the metat and. at the same time, 
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Wed metal d orbital 
! | = e» 


| bonding intibandine 
© | MOof ? NO of C—X 
И сх ^ 


empty metal VS 
hybrid orbital 
r 


Figure 18.5 An orbital description of concerted oxidative addition. The bonding MO of the € —X bond donates 
electrons to an empty hybrid orbital on the metal. (The shape of this hybrid orbital is simptified.; These orbitals are 
shown in purple, the thin purple lines indicate the electronic overlap. and the purple arrow shows the direction of 
electron flow, At the same time, a filled d orbital on the metal donates electrons to an antibonding MO ofthe C -X 
bond. (А 3d orbital is used for simplicity.) Because the peaks and troughs of the d orbital (shown in blue and green, 
respectively] match the peaks and troughs of the antibonding MO ofthe X bond, this is a bonding interaction. 
The electronic overlap in this interaction rs indicated with thin blue and green lines, and the blue and green ar- 
rows show the direction of electron flow. Because this interaction populates the antibonding MO of C— X, this 
bond is weakened, and in breaks. 


rom the metal te the ату halide. We can approximate the process as Follow s with the curs ed- 


arrow notation i[. = other ligands t: 


l A l. Ат 
М 51 FW. 
A: X — M (018.321 
7 J^ 
L L X 


electron pair 
in a d orbital 


Oxidatise addition ean occur by à variety of mechanisnis, but a concerted (one-step) process 
is fairly comma. 


Reductive Elimination Reductive elimination is conceptually the reverse of oxidative 
addition, and the orbital interactions Involved are the same, only in reverse, In reductive elim- 
imation, then. poe. [ligands bond to each other and thei bonds lo the metal are. broken: 
X —N]— Y — X — Y + M. An example of this process is the formation of a carbon -eurbon 
bond between two ligands within a Ni complex: 


CHCH;CHCHA 


" РА 
ШЕ РР Н СН.ЄНЬСИ-СН 
г N EN 5 ГИ 
|] ——- MP + (C —ít, TESEI 
P ЕА N, 
CH. Pha? are Hi 
Sulli Ман?) 


alae complis a [407 camples 
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Because two X-Lype ligands are lost; the metal 1s reduced, and its electron count is decreased. 
Notice in this particular example that the alkene stereochemistry 15 retained. Reductive elini- 
nation general occurs with retention ef stereochemistry, Because this process 15 Une reverse 
of oxidative addition, et follows thal concerted esidutive addition alse econrs with retenitan oj 
stereochemistry. Che electron flow in Fig. 18.5 or lig, 18.32 is consistent ih this observation, 


Ligand insertion [n this process. a ligand inserts into a metal ligand bond: that is. 
L—M— R — M —1.—R. Notice the difference between oxidative addition and ligand in- 
sertion. Both are insertion processes. In an oxidative addition. the metal inserts into a cheni- 
cal bond within a compound not initially associated with the metal In a ligand insertion, a lig- 
und L inserts into the bond between the metal and a different ligand R. and the inserting ligand 
gains a bond, 

Two types of Инан insertion are most frequently observed in transition-metal chemistry. 
in a /.f-fesertion, the new bond ts farmed at the same atom that was bound to the metal. In- 
surtions of CO ligands are frequently observed examples of this type. The first reaction below 
is an example. 


CH, CH, CO CH, 
_ р ш | l | UD) : | | 
(CO) Mna—SC=0  ———— iCOnMm—C-—0 TET (COndn—C-—0O 118.341 
ы sant TERI A t 
trnsertion ai NINTH 
Ми! ‘dni dt Ninth 
an} 8e7 complex à [67 complex ап 160 complex 


in this reaction, the methyl group migrates, wit? fts banding electrons, Vo the carbon of the car- 
bonvl ligand. which in turn forms an X-type bond to the metal. This migration is possible he- 
cause the carbon of the carbon monoxide подп is electron-delicient. Hence, the carbonyl car- 
bon mserts into the Mn СН, bond. Notice that this insertion leaves a vacant site (that is, ап 
empty orbital) on the metal, as we can see [rom the reduction in the electron count. En the sec- 
ond reaction, this empty metal orbital is filled by another molecule of the ligand from solution. 

Another type of ligand insertion 15 /,2-uiserties. [n this process, the migrating. group 
moves to an atom adjacent to the one bound to the metal. A common example of this process 
Is the following. in which an ethylene ligand inserts into a Pd-arvl bond. 


Ar CH ү 
| | | А PPh; | 
Br—Pd«—t = Br—Pd—CH:CH Ar =~ п ——Ра—СНОСН,Ат (18.351 

| bye Hr ligand ^ ^ 
CH; тегпоп issu 

PPh, PPh, PPh, 

Peli I Pdi [I Pill? 

a бе complex a 1467 complex aloe” complex 


Again, notice that the electron count is reduced by twoi that is; the process results in an empty 

orbital on the metal. This orbital can then gain another electron pair Бу ligand association, as 
shown by the second step in Eq. 18.35, thus fulfilling the 16-electron rule. 

We can approximate the ligand insertion process in the curved-arrow notation as follows: 

AY —CH 

Вг — Pd i» —- Jjir—Pd—CH;CH,—Ar ІХ. Абај 


PPh, ЕВ PPh, 
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As Eq. 18.364 illustrates, 1.3-hgand insertion is essentially a concerted addition of the metal 
(Pain this casey and the migrating ligand tAr in this case? to the alkene 7 bond. Because 1.2- 
ligand insertion is a concerted Pnzremelecilur addition reaction. the two new bonds must be 
lormed at the same lace of the z bond. Hence. gard msertion is a svi-addition. This be- 
comes evident when the carbons ot the alkene double bond are stereocenters, as they are itey- 
clohexene. In this ease, svir- addition requires that the Pd and the aryl group have a cis relation- 
ship in the insertion product. 


T 
АГ Pal 
| Ph,P 
Br— Pd ! ч (18.366) 
күн d, 2- nid 
| pi НГ Ат 
13 


Pd and агу] are cis 


p-Elimination In B-elimination, a group B lo the metal migrates with its bonding electron 
pair to the melal. This process ts conceptually the reverse of ligand insertion, (Run Eq. 18.364 
backward mentally and you will see the #-elimination of ethylene by migration of aryl.) 

It often happens that f3-elimination involves a hydride migration. For example. the product of 
Ly. F8,36a (with Ar — phenyl) can undergo elimination with hydride migration as Гоо: 


Н Ph Ph 
CHT H | 
CH 
Br—Pd СИН, —- HBr— Pdl UR 

| CH, 
PPh, PPh, 
Р) Pal( 1) 

a 14е complex a dee complex 


Notice that 6-climination requires an empty orbital on the metal, because, as a result of this 
process, the electron count is inereased by two units. 

We studied another type of B-elimination, the E2 reaction. in Sec. 9.5. The elimination re- 
action in Eq. 18.37 looks superficially similar. but it is quite different. In the E2 reaction, a 
proton is eliminated. In the B-elimination of Ey. 18.37. a Avdride—a hydrogen with its bond- 
ing electrons—is eliminated by migration to the metal. We can stress this point with the 
curved-arrow notation: 


H Ph Ph Ph 
CH E | Нн | 
| CH CH 


p oU 
Br—Pd—CH. Dr— Pd | Br— Pd «—l ШЕТУ 


РНЦ : TTD 4 
Cl 1, КЕШИП | CH, 
PPh, РР; PPh; 
Pali dds Pli Tg PAULI) 
a 14е 7 complex 4 4e complex a [бе complex 


Because this B-elimination is Zarramofecudar—wWhbin the same molecule—it must occur as 
a var-eliminauon, This makes sense hecause this reaction is conceptually the reverse of 1.2- 
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ligand insertion, which is a syn-addition (Eq. 18.36b). Contrast the stereochemistry of this B- 
elimination with that of the E2 elimination, which is a bimolecular reaction and occurs with 
anti stereochemistry (Sec. 9.5E). 


Study Problem 18.2 


Consider the following mechanism for Eq. 18.18 on p. 831. Identify the process associated with 
each step. Counting electrons at each stage may help you. 


Pdi PPh); <> Pd(PPh;); Rm Pd(PPh;)- 


+ + (18.392) 
PPh, PPh, 
H 
H H б 
| С. 
Pd(PPh;), + Ee ——»> JF. A (18.39b) 
P 
Br Ph Ph;P Br 
H H 
\ ,H \ P 
Pd y + Lit CH;CH,S~ — fa \ + Lit Br (18.390) 
P | | 
PhP Вг PhP SCH;CH, 
H 
| \ H | 
PhP, ASC AN ^ 
Pd \ —— C=C + Pd(PPh,, (18.390) 
fo Ph | 


Solution Step 18.39a consists of two successive ligand dissociations that reduce the electron 
count around the Pd from 18е to 14e . This "makes room" for the vinylic halide, which under- 
goes an oxidative addition with retention of configuration in Step 18.39b. This step takes the 
electron count to 16e", and oxidizes the Pd(0) to Pd(Il). Step 18.39c is a ligand substitution of a 
bromo ligand with an ethylthio ligand. It might occur by a prior dissociation of the Br ligand, by 
association of the CH,CH.S^ with the Pd to give an 18e7 complex followed by dissociation of 
Br .or by a concerted mechanism reminiscent of the S42 reaction. Finally, Step 18.39d is a re- 
ductive elimination, which forms the product with retention of stereochemistry and regenerates 


the catalytic Р0(0) species Pd(PPh,),. 


Let's use the example in Study Problem 18.2 to take stock of what the Pd is actually 
doing— why it makes a vinylic or aryl substitution possible. Ligation to the Pd brings two 
groups—the vinylic group and the nucleophile—into proximity. The oxidative addition step 1s 
the key step that makes this possible, and, as we have seen (Fig. 18.5). it is driven by the si- 
multaneous presence of filled and empty metal orbitals that can interact with the vinylic halide 
so that the carbon-halogen bond is broken. The nucleophile CH,CH,S~ and the vinylic group 
are then connected by reductive elimination. The orbital interactions are essentially the same 
as in oxidative addition. The role of the metal tinds analogy in the slider of a zipper: it brings 
two groups together, causes them to join and lock, and then moves on to do the same thing 
Over again. 
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Fito 18.14 A student has written the following ligand substitution reaction, claiming that it changes the 
oxidation state of the metal by one unit. What is wrong with this reasoning? 


СГ + Pd(PPh,), ~ CIPd(PPh,), + :PPh, 


18.15 The Wilkinson catalyst chlorotris(triphenylphosphine)rhodiumt I), CIRh(PPh;).. brings about 
the catalytic hydrogenation of an alkene in homogeneous solution: 


R R 
С=с *H Ess рсн сна (18.40) 
H H 


(a) Using the following mechanistic steps as your guide, draw structures of the transition- 
metal complexes involved in each step. Give the electron count and the metal oxidation 
state at each step. 

і. oxidative addition of H, to the catalyst 

2. ligand substitution of one PPh, by the alkene 

3. 1,2-insertion of the alkene into a Rh—H hond and readdition of the previously ex- 
pelled PPh, ligand 

4. reductive elimination of the alkane product to regenerate the catalyst 

(b) According to the known stereochemistry of the 1,2-ligand insertion and reductive elim- 
ination steps, what would be the stereochemistry of the product if D, were substituted 
for H, in the reaction? 


EXAMPLES OF TRANSITION-METAL-CATALYZED REACTIONS 


A. The Heck Reaction 


In the Heck reaction, an alkene is coupled to an агуі bromide or ary] iodide under the 
influence of a Pd(Q) catalyst. 


HaC, 
Pd | Р 7) 


СН; (catalyst) CH; 
"ч as (CHaCH2hN 
+ H.cC=CH, ————_* T HBr (18.41) 
7 СНС == N (solvent) . lized by 
Br 18 h, 125°C CH=CH; neutralized by 


3N 
(86% yield) the (CH3CH2)5 


(The aryl substituents of the phosphine ligands used in the catalyst in this case are o-tolyl (that 
15. o-methylpheny!) groups rather than phenyl groups. but phenyl groups are also sometimes 
used.) The reaction is named for Richard Р, Heck (b. 1931), who discovered the reaction in the 
early 1970s while a professor of chemistry at the University of Delaware. (A Japanese 
chemist, T. Mizoroki. simultaneously discovered the reaction, but it is generally known as the 
Heck reaction.) The Heck reaction has proven to be one of the most useful processes for form- 
ing carbon-carbon bonds to aromatic rings and even, occasionally, to vinylic groups. 

The mechanism of the Heck reaction is outlined in the following equations. You should 
identify the process or processes involved in each step (L — tri-o-tolylphosphine ligands; the 
steps in Eq. 18.42b are numbered for reference). 
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The actual catalytically active species is believed to be PdL,, which is formed by two lig- 
and dissociations: 


L А L L L 
p es : p. 
Pd -— RR Pd I Pd + L (18.422) 
d Nr ^ L 
tL 


The PdL, thus generated enters into the catalytic cycle. 


E EN Кы 13) m Ar 
ссн, H.C = 
Pd+Ar—Br —~» pq ӘСӘ, Uf yy — 20 
ye N К. 
1. L Br L [31 
+L 
ArCHCH). МН» ы H 
v 77 CHw 7 (5] E ФА L 
H Pd — # Pd г ча Pd m- CU 
E М Ar 7 x bs (6! 
, Br L Br L Br 
+ ArCH — CH; 
L H L 
м. у iz $ 
Pd -- ” Pd + HBr (18.42h) 
4 * D^ reacts with 
r (CH3CH>)3N: 


PROBLEM À ' , 
w= 18.16 Characterize each step of the mechanism in Eq. 18.42b in terms of the fundamental 


processes discussed in the previous section. Give the electron count and the oxidation state 
of the metal in each complex. 


Another example of the Heck reaction illustrates two important aspects of the reaction. 


I Pd(OAc) catalyst 


4 (CHsCH3)4N 
+ ET cc ae + HI (18.43) 
T dimethylformamide ! 
15 h, 100 ^C reacts with 
(CH3CH2)3N 
cyclohexene — iodobenzene (2-cyclohexenyl)benzene 
(excess) (72% vield) 


First, the catalyst 15 not Pd(Q), but rather a Pd( HT) species. (Pd(OAc), is used because it is a con- 
venient and easily handled Pd derivative.) In some cases (typically with iodobenzenes as the aryl 
halides), the reaction can be run with РОС), but it is believed that the Раси) is reduced to Pd(0). 
perhaps by a few molecules of alkene that are converted into vinylic acetates; Pd(0) is the actual 
catalyst. Addition of an oxidizable ligand such as PPh, can also serve to reduce the Pd(I). Be- 
cause a very small amount of Pd is used, the by-products of these reactions are also formed in 
very small amounts. Second, the alkene double bond in the product is nor at the site of coupling, 
but rather one carhon removed. What has happened here? 


18.6 EXAMPLES OF TRANSITION-METAL-CATALYZED REACTIONS 847 


This sort of product, which occurs commonly with evelic alkenes in the Heck reaction, is а 
direct consequenee of the stereochemistry of certain steps in the mechanism. The insertion 
step (step 3 im Eq. [8.42h) ищ occur in a syn manner because the reaction is intramolecular. 
Hence, in the initials formed insertion comples, the Pd and ihe phenyl group become сіх sub- 
stituents on a cyclohexane ring, 


the only 6-hydride available 
for syn-elimination 


| E 
H 
E (18.44) 
Н 
| 
е —„„———— 


Pd and phenyl are cis 
The subsequent B-elimination ts also a svn process. Hence. only a hydride cis to the Pd is "el- 


igible" for elimination, When a noneyelie alkene is used in the Heck reaction. internal rotation 
Is possible so that the hydride on the carbon at which insertion occurs can be eliminated. 


— Pd Ph 


' | КЇ ex Es Неги 
P e И? ШЕ HE с Уч; umen S. 
"d “м 


OR à — Pd—H 
Nj үп 
чы е . ШЕШИП, 
H s Р t WC Ph О Н m m РЬ i | 4 43) 
(.—L 


When the starting material is a cyclic alkene. as in Eq. 18.43, an analogous internal rotation is 
prevented by the ring. The only eis B-hydride available for elimination 1s the one (shown in 
red in Eq. 18.44) on the other B-carbon. Elimination of this hydetde yields an alkene in which 
the carbon at the insertion point —the one attached to the phenylI—is not part of the double 
bond. but is one carbon removed. We сап summarize this in the following way, with the inser- 
ton point marked with an asterisk (7 


T Ph 
ЫТ L—Pd—H (18.461 


jen H 
ПТЕР 


L—Pd— Fh 


When the Heck reaction is applied te unsvmmetrically substituted alkenes, such as ап 
alkene of the form R -CH—CH.. two products are in principle possible, because insertion 
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might occur at either of the alkene carbons. It is found that when the R group is phenyl, CO,R 
(ester), CN, or another relatively electronegative group. the ary! halide tends to react at the un- 
substituted carbon; that 15, the product is R—CH=CH— Аг, usually the E (or trans) 
stereoisomer, When R = alkyl, mixtures of products are often observed (Problem 18.17). 


PROBLEMS 


18.17 When iodobenzene and propene are subjected to the conditions of the Heck reaction, two 
constitutionally isomeric products are formed. What are they? Why are two products 
formed? 

[8.18 What fwo sets of aryl bromide and alkene starting materials would give the following com- 
pound as the product of a Heck reaction? 


Е; ^ 
с Ze OCH, 


18.19 The product of a Heck reaction is, like the starting material, an alkene. Why doesn’t a Heck 
reaction of the product compete with the reaction of the starting alkene? 

18.20 What product is expected when cyclopentene reacts with iodobenzene in the presence of tri- 
ethylamine and a Pd(0) catalyst? 


B. The Suzuki Coupling 


The Suzuki-Miavura coupling reaction (usually referred to as the Suzuki reaction or the 
Suzuki coupling) is a Pd(0)-catalyzed process in which an aryl or vinylic boronic acid (а 
compound of the form RB(OH),, where R = an aryl or vinylic group) is coupled to an aryl or 
vinylic iodide or bromide in the presence of a base, which is in many cases aqueous sodium 
hydroxide or sodium carbonate. The reaction can be used to prepare three types of com- 
pounds: biaryls—compounds in which two aryl rings are connected by a о bond: aryl-substi- 
tuted alkenes; and conjugated alkenes. Eq. 18.47 illustrates the preparation of a biphenyl. 


PdiOAc!. (0.3 mole 91 


= PPh, 
| / propanol-water 
phenylboronic acid p-bromobenzaldehyde 
07. CH=O + Na Вг + B(OH), (18.47) 


boric acid 
4-phenylbenzaldehyde 
(a biphenyl; 86% yield) 


The Ра(0) catalyst can be Pd(PPh,),, the same catalyst used in the Heck reaction, or the Pd(Q) 
сап be formed in the reaction flask from Pd(OAc)., a strategy that ts also used in the Heck re- 
action, as in the preceding example. 

Eq. 18.48 shows the preparation of an aryl-substituted alkene. 
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HI H 
АШИ: г, ^ 
om Uni. » ~ FERMEN | 
| P" E NIE 3 
oc ое Ed T TERES 
CHL) SES / M А ff A SUE 
| : Br Slat х / 
4-methoxybenzenc- (Z)- E-bromo-E-propene | | 
horonic acid CHO 


LZ)-1-methoxy- I -propenylhenzene 
(cts-anethole; 6295 У 


As this example illustrates, the coupling сеш with retention of alkene stereochemistry, You 
may have noticed that this is the type of compound that can be prepared by the Heck reaction. 
However, the Suzuki coupling avoids issues of regiochenmistry that can sometimes occur with 
the Heck reaction; (See Problem 18.17. p. 843.) 

The tmportance of the Suzuki reaction has resulted in the commercial availability of many 
boronic acids and their derivatives; Two ways of preparing the required boron derivalives аге, 
first. the reaction of Grignard or orgunolithium reagent with trimethyl borate: 


= + 
Mglir BOCH: J, MgBr ШОН. 
A~ N | T s 
| t BLOCH}, — DU. | + 3 CHOH ика 
2 | 2 | 
БА CT 00 4 Mg! t Br 
OCH, OCH, OCH; 


In this reaction. the Grignard reagent. a strong Lewis hase. donates electrons to the horon ina 
Lewis üacid- hase assoclation. A reaction with aqueous acid results in formation of the horome 
acid product. (See Problem 18.24, p. 851.) The analogous reaction can be used ta form vinylie 
boronic acids from vinvhe Grignard reagents. A second preparation of vinylic boronic acid 
derivatives is the hydroboration of -alkynes with catecholborane: 


М2 
T H H | 
Mo рО 
CH,CILCHLCH.C cll + H—B || — C=C (18.50; 
- к Е \, | a [FIF 7 Е 
O T 
1-һехупе ©Н.,СН.,ЄН.СН. H 
catecholborane 
This 15 essentially the sume reaction discussed in See. ТУВ, in which hvdrohoration i8 car- 
ried out with disiamylborane. Recall that hydroboration occurs as a syar-addition, Both the cat- 
echolborane adducts and the disiamylborane adduets ean he used in the Suzuki coupling. The 
following reaction illustrates hoth the use of vinylie catechalboranes and the formation of a 
conjugated alkene. 
H H 
А) 1 
I B H H Fi PB catales H C=C 
«o Z0 | | Na (Hla HO 4 \ 
M. E ime henz mt CC Ph 
/ p y L L 
(Ht LEPLE H H Br Ph CH] ta HaHa H 


Лб" vield ] (I8. 11 
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The mechanism of the Suzuki coupling begins exactly like that of the Heck reaction (Ey. 
I8.42h, p. 846) with ligand dissociation to give a 14е complex, followed by oxidative addi- 
uon of the агу] halide. 


PPh, PPh, PPh, 
рр, ж Pd ж PPh, «=» PPh,—* Pd PT PPh,—> Pd—Rr 
АЛИП Г 
| Ide, РИ aditu | 
PPh, ' 
+ 2PPh. Ie РАНИ? 15.5243 


IRT, РИС) 


From this point on, the mechanism is not definitively established, but a reasonable sequence 
involves another ligand substitution in which the base displaces the halide ton: 


PPh, PPh, 
+ 
PPh,— Pd -Br + ОП OE PPh,—-Pd—0OH + Br 
| кы | 
А. Е i ТЕЧ 


А Lewis acid-base association brings the boron inte the voordination sphere of the metal: 


PPh, PPh, 


lI 
a | " 
› — І — y — EN 
| Ph; Pd on BON | Lewis avid-lnise PPh, Pd ы, TE 
| | ssec ation | COL): 
AT NH AT | 
R (Т.Д 


This association results in a formal negative charge on boron. Remember. though. that carbon 
Is more electronegative than boron; this means that carbon bears à significant amount of the 
negative charge in this complex, In other words, the Lewis acid -base association of the оху- 
gen with boron endows the carbon in the carbon-boren bond with significant carbanion char- 
acter. An intramolecular substitution of this "carbon anion.” a strong base, tor the weaker base 
НО — results in transfer of the R group to the metal. Reductive elimination then gives the cou- 
pling product and provides the catalyst for another cvele. 


PPh, PPh, PPh, 
Н 27A | | 


+ 
Pi Rae 8р8: Oa PPh,—* Pd—R РРҺ. ж ра + Ar—R 


коо - mtrainelecular reductive 
| В(ОН!. Ней єйпинайнин | 
p" — bar ni Ar regenerated coupling 
| substitutiun 
"E catalyst product 


o 


+ ВОН}, 


the carbon of the 
| carbon-boron bond has 
carbanion character (145241 
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The Suzuki coupling is named for Akira Suzuki (b. 1930), who is on the facultv of the Kirashiki Uni- 
versity of Science and the Arts in Kirashiki. Japan. Prof. Suzuki had spent two years as a postdoctoral 
fellow with Herbert C. Brown (the discoverer of hydroboration), where he was immersed in the or- 
ganic chemistry of boron. His intellectual synthesis of transition-metal organometallic chemistry and 
organoboron chemistry led to the discovery in the mid-1970s of the reaction that bears his name, in 
collaboration with his student Norio Miyaura, while the two were at Hokkaido University in Japan. 
The Suzuki coupling has become a very important reaction in both academic and industrial settings, 


PROBLEMS | ; Y | : , 1 
PROBLEMS | 18.21 -Complete the following Pd(0)-catalyzed Suzuki reactions by giving the coupling product. 
For parts (b) and (c), include the stereochemistry of the products. 


(a) B(OH), Br 
‘CO — 


2-naphthaleneboronic acid 


(b) | B(OH), 4H CH. 
лы е, Бе 
| t P =Ç — —= 
CH;O Br b" 
(c) H4C CH, Br H 
! N / 
с=с + C—C — 
N / N 
H B(OH), н CH,CH,CH,OH 


18.22 Provide two different reaction sequences that could be used to synthesize 4-methoxy- 
3-methylbiphenyl. Both sequences, however, should start with both p-bromoanisole and 
m-bromotoluene. 


НС НС 
C у-а from - and сњо) 


4-methoxy-3 -methylbiphenyl m-bromotoluene p-bromoanisole 


18.23 Give two different pairs of starting materials that could be used to prepare the following 
compound by a Suzuki coupling. 


[8.24 Draw a curved-arrow mechanism for the last (acid hydrolysis) step of Eq. 18.49. 
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С. Alkene Metathesis 


Certain rutheniumt IV ) catalysts bring about a reaction in which two alkenes are "sliced apart 
at their double bonds. and the parts reassembled, to give new alkenes, 


HO 
HOCH- С n 
— i + Р, . f s 
Н? CH,CH=CH, + C—C ae 
У О; | / ES CH UL 
H H 
eugenol 


cis-2-buten-1,4-diol 


C= + HO—CH.ACH=CH, 
| 1 a 0H allyl alcohol 


(E1-4-(4-hydroxy-3-methoxvyphenvl)-2-buten-1-ol 
RO" yield IRSA 


This remarkable reaction is an example of alkene metathesis, also culled olefin metathesis. 
A metathesis reaction t pronounced moa-tá -tha-sis, Irom the Greek, mer Z change. thesis — 
place} can be represented in general as follows: 


И" а 
A—HB + C—D —e A—C + B—LD 118.54 
x S „^ 


You are probably familiar with some inorganic examples of metathesis reactions, such as the 
reaction of silver nitrate with sodium chloride: 


+ + + =- + = 
Ag NO, + Na CU] ——» AgCl + Na NO, TERET 
silveril! sodium siveri E} sodium 
nitrate chloride chloride nitrate 


in an alkene metathesis, the groups at each end of the double bonds are tnterehanged. For ex- 
ample, the reaction in Eq. 18.53 has the following form: 


R H R R R R R H 

1 А N i ^ 

с;==( + же— == „= ( + C2 (18.365 
H H H H H H [| lH 


For a metathesis reaction of two unsymmetrical alkenes, ten alkenes (not counting stereoisa- 
mers) can be formed. (See Problem 18.253.5 However, the usual applications of this reaction 
are typically not this complex. 

A number of transition-metal catalysts have been developed for alkene metathesis. These 
catalysts are base on tungsten, molybdenum, and especially ruthenium, The two most widely 
used Laboratory catalysis are the ruthenium-bused catalysts C1. whieh stands for the Grübhs 
first-generation савум. and G2, the Grubbs vecond-generation саті. The structures of 
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P(Cy)4 
СЇ... | 
cr Ru = CH -Ph 
| henzvlidene uroup 
P(Cy)s 
Grubbs G1 catalyst 
(a) 
Mes — = mesitylgroup= | Mes— Ni ;N— Mes 
a NHE 
CH, | 
Cl... En 70А С. Ru=CH— Ph 
H;C er | =a | 1 
P(Cy), POIs 
abbreviated structure 
Grubbs G2 catalyst for the G2 catalyst 
(b) 


Figure 18.6 The structures of two ruthenium catalysts for alkene metathesis and their abbreviated structures, Cy 
is the abbreviation for the cyclohexyl group, and Mes is the abbreviation for the mesityl, or 2,4,6-trimethylphenyl, 
group. The unusual ligand in G2 is a stabilized carbene (see Eq. 18.57), and it is abbreviated NHC (for"Nitrogen Hete- 
rocycle-stabilized Carbene"), Formal charges in the NHC ligand are conventionally not shown. A key aspect of these 
catalysts is the ruthenium-carbon double bond. 


these catalysts are shown in Fig. 18.6. Although we need not go into detail here. the design of 
these catalysts was an evolutionary process that involved a consideration of steric and elec- 
tronic effects of the ligands in light of the reaction mechanism (which we 11 discuss below), as 
well as some outright fortuitous discoveries! Ruthenium catalysts can be easily handled in the 
laboratory, and, as Eq. 18.53 illustrates, they can be used in the presence of alcohols, phenols, 
and other functional groups. The molybdenum and tungsten catalysts are much more air-sen- 
sitive and less tolerant of other functional groups. 

The ruthenium-carbon double bond plays an important role in the operation of these cata- 
lysts. The rather unusual NHC ligand in the G2 catalyst. when “dissociated” from the metal, 
is actually a carbene (à molecule containing divalent carbon; Sec. 9.8). Most carbenes are very 
unstable, but this carbene is highly stabilized by resonance. 


Mes — МО 3N— Mes — Mes — Na (iN — Mes = m Mes —Ni N— Mes 


a a mu 


resonance structures for the NHC ligand 
divalent 


carbon 


Mes — Na. ZN — Mes 


hybrid structure for the NHC ligand (18.57) 
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For electron-counting purposes, the NHC and PCy, ligands are L-type ligands, the chlorines 
are X-type ligands. and the benvylidene group is a 2X ligand because il has two bonds to the 
ruthenium. You should verify that both catalysis are 16-electron complexes (Eq. 18.28) and 
that the oxidation state of ruthenium (Ец. 18.223 ts formally Ка. 

In many cases. The catalysts bring some or all of the possible alkenes into equilibrium. In 
such cases, the practical use of alkene metathesis requires the application of Le Chátelier's 
principle. For example. in Eq. 18.53, one of the starting materials, efs-2-buten-|4-diol, is used 
In excess, Use of an excess of this diol is practical because it is cheap, and because both it and 
the by-produet allyl aleohol are readily separated from the desired product. 

One of the most important applications of alkene metathesis is for closing rings, and it can 
he used to close medium- and large-sized rings. 


S GI catalyst Г " 
(2 mele “iri : 
MA —À. + H;C-—CH; (18.58) 
Н. == Ph benzene w Ph . 


Н.С L, I vielli 


In this and many other ring-closing applications. the by-product is ethylene, which bubbles 
out of the reaction mixture, thus driving the equilibriam towards the product—le Chátelier's 
principle in operation again. 

The mechanism of alkene metathesis. which we Tl illustrate for Eg. 18.56 using the G2 cat- 
Шум. starts with foss of the PCy, ligand by ligand dissociation: Because ruthenium in the re- 
sulting complex has 14 clectrons, it can accept two electrons from another ligand, in this case 
one of the alkenes. Let the alkene RCH—CHR be present in large excess: because of its corn- 
centration. i£ 1$ more Rely to interact with the catalyst, 


МИС, SHC NIIC 
| | "Ed | RCH-UCHR " | 
CERu = СІРА a — С. Ки == СТЮ аа — ChRu-CHPh /— (018,593: 
I } A RCH dor 
ү _ 
p + РСМ): a tee” complex 


Then follows a key step in alkene metathesis. à cveloaddition to form а mretaifgevete (a eyehe 
compound in which the metal oceupies a ring position) This reaction Is essentially a ligand 
insertion (p. 8421, 


cycloaddition cycloreversion 
NHC NHC NHC 
| | CHPh * 
Cl Ru = CHPh — CI.-Ru , CHPh ——» CbhRu «4 —» &;.Ru + RCIIL—CHPh ./— r18.59bi 
S | | CHR | very minor 


RCH —CHR RCH REH 


à metallacyeie 


by-product 


As shown im this equation. the melulacyeie then breaks down in the apposite sense by a evefere- 
version (the reverse ol à eyeloaddition) to give à new alkene. which contains the benz lidene 
group. Fhis becomes а very minor by-product. because the catalyst (and thus the benzsylidene 
group is typically present in i or 2 mole percent of the reactants. This process leaves the cata- 
Iyst “primed” with the RECH = group. 
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The esceioaddition- eyeloreversion process is now repeated. [bis most probable that the 
process will occur with the alkene used in Eq. [8.59b. because this alkene is in excess: but the 
reaction with this alkene results 1t no change. t Be sure to demonstrate this point to yourself.) 
However, occasionally a molecule ot the other alkene R CH=CH, will bind to the catalyst, 
and this produces u metathesis product. 


| 19 NIK: NHC 
с CH. —— hR Cll, —» С.К = CH. + RCH —CIIR. PLR Soe 


| b oe uet uU fir 
RE | | f | IR RECH — {Н R melathes1s p гоі 


This leaves the catalyst with a ==CH, group. This catalyst molecule is most likely to react 
with the alkene in excess, und when that happens. the second metathesis product (which is 
allyl alcohol in Eq. 15.53) ts formed. and the catalyst ts again primed with а —CHR group. 


NHC NHC NHC 
+ т 

ChRu= CH, ——» CLRu LORS —— uu © RCH-CH. 018.594) 
E LN E | ЧЫЧА 

ЕСН == СИВ RCH CHR REH metathesis product 


catalyst enters 
another cycle 
I Fu. 15.591 


The sequence m Eqs. 15.59e d continues repeatedly until the Inmiting reactant is exhausted. 

И is conceivable that, as the product builds up. it might undergo metathesis with itself. 
However. selt-metathesis is largely avoided in this example because one of the starting mateg- 
tials is used in excess. and it intercepts the catalyst almost even time. In other words, if the 
product enters inte the metathesis sequence and is split bs the catalyst. the fragments are most 
likely intervepted by the alkene present in excess: and such a reaction either vives back that 
same alkene or the desired product. 

When it is impractical io use one alkene in excess or to exploit Le Chütelier's principle in 
some other way, self-metathesis ol the product ean be a problem. However. this potential com- 
plexity of alkene metathesis is mitigated by the fact that different alkenes undergo metathesis 
al greatly different rates. Alkene metathests is very sensitive to the steric environment of the 
alkene double bonds. For example, 2-methiyIpropene (isobutylene? does not undergo self- 
metathesis, presumably because the interaction of twoi CH, С = fragments with the catalyst 


results in severe van der Waals repulsions (that is. мепе congestion) with the bulky catalyst 
ligands. 
Hy. CIH, HC CH, 
К - ` ` / vel пе ^ ` é ` ` 
C=CH. + H.C—CU е Lou. + Н.С ОН, aoh 
/ N / N 
HAC Cli, HC CET, 
two molecules of isobutylene not termed 


(Isobutylene can be used as a metathesis partner with less crowded alkenes, however.) In fact, 
Ihe metathesis catalysts were designed to emphasize such differences in alkene reactivity. 
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PROBLEMS 


Aikene metathesis plays a major role in the synthesis of complex organic molecules, and it 
is used industrially with increasing frequency in such diverse applications as alkene synthesis, 
polymer synthesis, and pheromone synthesis. Because ruthenium catalysts can be used in 


aqueous solution, they are providing options for "green chemistry" —chemistry that is envi- 


ronmentally friendly. The importance of alkene metathesis was recognized with the 2005 
Nobel Prize in Chemistry, which was shared by three chemists: Robert H. Grubbs (b. 1942) of 
the California Institute of Technology, who developed the ruthenium catalysts; Richard R. 
Schrock (b. 1945) of the Massachusetts Institute of Technology. who developed molybdenum- 
based metathesis catalvsts; and Y ves Chauvin (b. 1930) of the Petroleum Institute of France, 
who first proposed the reaction mechanism. 


18.26 


18.27 


18.28 


Show that the equilibrium mixture produced by alkene metathesis of two completely different 
alkenes with the following general structures contains ten different alkenes. (Assume that all 
alkenes have trans stereochemistry.) 


R! H R? H 
/ \ 
с=с + C=C 
/ (em D» 
H R* H R* 


Give the structure of the major product formed in each case when the reactant(s) shown un- 
dergo alkene metathesis in the presence of an appropriate ruthenium catalyst. 
(a) CH,OH 


(K)-H;C — CHCH;CHCH;CH;CH = CH; ——» a compound with 7 carbons 


(D н,с 22 
——»» acompound with 11 carbons 
НС EN 


(€) HOCH»; CH;OH 
se 25 
+ C=C — = 
‘ee 
H H 


(large excess) 


Suggest an alkene metathesis reaction that would yield each of the following compounds as a 
major product. 


а). OH (b) 
[leu aid COH 
НС H 


(al 
citronellol 
(oil of roses) 


IKE H 
C 
ЗЕ CR OH 


Draw structures analogous to those in Eqs. 18.59a-d for the catalytic intermediates formed in 
the conversion of 1,7-octadiene to cyclohexene and ethylene catalyzed by the G2 catalyst. 


{| 
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The three coupling reactions presented im this section are additional examples of reactions 
thal can be used to Form carbon carbon bonds. Here is a dist ot such reactions that we have en- 
countered un to this point: 


|. the addition of varhenes amd сагта to alkenes t Sec. 9.8] 

2. the reaction of Grignard reagents with ethylene oxide and lithium organocuprate reagents 
with epoxides (See, 11.40 

А. the reaction of acetylenie anions with alks | halides oc sultenale esters (Sec. 14,7]! 

4. the Diels-Alder reaction Sec. 15.31 

А. Friedel Crafts alkylation and acylation reactions (Sees. 16:41:71: 

6. the Heck and Suzuki coupling reactions (Sees, IGAR | 

7. alkene metathesis (his section 


D. Other Examples of Transition-Metal-Catalyzed Reactions 


(1 
Наги fram 
iQ ЕЕС САА | 
and Tit Ll; 


One of the most important transition-metal catalysts in commeree is a catalyst formed from 
TIC], and (СН,СН.А!С called the Ziegler Natta carais This catalyst brings about the 
pol merivavion ol ethylene and other alkenes at 25 CC and | atm pressure. Althoush free-radt- 
cal polymerization of ethylene (Sec. 5.7) Is very important, the Ziegler -Nata polymerization 
of eths lene accounts For most o the polyethylene produced: the resulting ВЛ polvethi- 
viene has different properties [rom the Jeu-density polyethylene produced by free-radical 
processes, The discoverers of this catalyst; the German chemist Kart Ziegler (1898-1973) and 
the Talkin chemist Сао Nata (1903. 19793 shared dhe 1963 Nobel Prize in Chemistry for 
them werk. Althaueh the mechanism or the polymerization hs been hotly debated, the fellow - 
Ing sequence is one possihilits : 


C] 


[bt ——UH | 
-e Cl — СШ, 
Pate 


apes TART 
"ке 


CI C] 


| vl | 
‹л—т-=@ Сны, ———— 9 ЗВ Сн, 


1,7 figami serta 


Нин, 
ТКАН 


Н.С CH- (oli 


Continuation of the insertion-ligand-assoctation sequence gives the polymer. [t i$ believed 
that titanium brings about this reaction because wef metal cannot undergo B-elimination. {3- 
Elimination requires some filled metal e orbitals for reasons that we haven't discussed.) The 
tendency toward §-climination of other metals would terimnate the reaction. 
Hydribenuvlution is another conumerctalls important process that involves a tramaition- 
metal catalyst, in this case a tetracarbons Ins dridocobalt b catalyst Propromiudehyde. for ex- 
ample 1s produced by the sdrotbormylation of ethylene. (This is sometimes called the exe 


process. | 


(7 
|| 
. : an SIMI _ _ | 
110—011. + Н. к УУ ———— — CHC Н ДЕ 
` - р JENI fir £ à 
ethylene propionaldchyde 


This process invelyes, among ether things, a ).2-aisertion reaction of ethylene and a [1 -108er- 
Gaon reaction of carbon monoxide (Problem 18,29). 
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‘et another important transition-metal-cataly zed reaction is the homogeneous catalytic hy- 
drogenation of alkenes using a soluble rhodiumtl) catalyst galled the МАРО catalyst. 
CIRA PPh 5. This reaction was explored in Problem 18.15 (p. 8454. 

And let's not forget eatalvtic hydrogenation (Secs. 4.9 and ILOA) an extremely impor- 
tant reaction that occurs over curbon-supported transition metals such as №, Pd. and Pt. The 
mechanism of catalytic hydrogenation is nol definitivels Known. but it is not hard to imagine 
that the mechanism might involve oxidative additions and insertions much like those that take 
place on the Wilkinson catalyst. 

Малу aspects of transition-metal chemistry are beyond the scope ot an introduction, How 
docs the chemist design a catalytic system and choose a catalyst? What influences the choice 
of ligands and solvents? These questions are sometimes addressed with a certain degree of 
empiricism. hut the bases for the answers to these questions are becoming better understood. 


PROBLEM ! — 
18.29 Suggest a mechanism for the oxo reaction (Eq, 18.62) involving intermediates that are con- 
sistent with the 16- and 18-electron rules. 


ACIDITY OF PHENOLS 


A. Resonance and Polar Effects on the Acidity of Phenols 


Phenols, Hke alcohols. ean ionize. 


Q—H +10 жс” C 279 + H4O* TETRI 


phenol phenoxide ion 
(phenolate ion! 


The conjugate base of a phenol is named, using common nomenclature. as а plrenoxide ion or, 
using substitutive nomenclature. as а pAenelate zen. Thos. the sodium salt of phenol is called 
«odium phenoxide or sodium phenelate: the potassium salt of p-chlorophenol ts called potus- 
situn p-chlorophenoxide or potassium 4-chlorophenolate, 

Phenols are considerably more acidic than alcohols. For example. the pA of phenol is 9.95. 
but that of cyclohexanol is about 17. Thus, phenol is approximately 10. times more acidic than 
an alcohol of similar size and shape. 


OH OH 
pK, = |l =], 
3 Recall from Fig. 3.3. p. 1E 3. that the рА ot an acid is decreased by stabilizing its conjugate 
TENE. e € deity of phie s {а жаан of HS сопот use aie. 
Р exploration 48:4 bise | Tin enhan ed uc di ef phie nel is dit f с ги taf ds сонин ba e ani н 
Resonance Effects What 15 the sauree of this enhanced stability? First. the phenolate anion is stabilized by 


on Phenol Activity resonance: 


(i7 ^ О: O: O: 
T "n 4 an au 
| "E —Jde- 1 Y —— —ÀBH- e LL e (1.6 
m | Е d 
A, UP E 


resenanee structures tor the phenoxide anion 
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Second. the polar effect of the benzene nng stabilizes the negative charge. Both resonance sta- 
hilization and polar effects are the same elfects that stabilize benzylie carbantans (See. 17.31. 
Actually. a phenoxide anion és a benzylie anton in which the benzvlie group is an oxygen in- 
steil of a carbon! 

Alkoxides are stabilized neither by resonance nor by the polar effect of benzene rings or 


double bonds. 


TR 


cyclohexanolate anion 
po resonance structures; 
no polar effect af double bonds 


Because phenoxide tons are stabilized by both resonance and polar eltects. less energy is re- 
quired to form phenoxides from phenols than is required to form alkoxides from alcohols. fie- 
cause рк. is directly proportional to the standard free energy of ionization (Eg. 3.38, p. 112), 
phenols have lower pK, values, and are thus more aculic, than alcohols. 

Substituent groups can also affect phenol acidity by both polar and resonance effects. For 
example, the relative acidities of phenol. 2:2nitrophenol. and p-nitrophenol reflect the opera- 
lion er both effects, 


Q1] OH Or 
NU. 
NO 
phenol "nr-nitrophenol p-nitrophenol 
79 9.95 8.35 "iE 


im-Nitrophenol is more acidic than phenol because the nitro group is very electronegative. The 
polar eflect of the nitro substituent stabilizes the conjugate-base anion For the same reason that 
it would stabilize the conjugate base of an alcohol (Sec. 8.68). Yel p-nitrophenol is more 
acidic than mg-nitrophenol by more than one pK, unit. even though the p-nitro group 15 farther 
from the phenol oxygen. This cannot be entirels the result of a polar elect. for polar effects on 
acidity decrease as the distance between the substituent and the acidie group increases. The 
reason Tor the increased acidity of p-nitrophenol is that the p-nitro group stabilizes the conju- 
gate-base anion by resonance (red structure}. 


: E 33 í 6)“ a 
SE | 
f Z? , D EC 
-— M С; ж» -—— 3 PE а 
+ + | | 4 
IE PL - 


Cc XP x X О 0: ОЮ Qi 


charge 1% delocali red 


into the nitro group (18.65) 
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The structure shown in red js especially important Босае  pluces charge on the electroneg- 
ative oxygen atom. in di ntrophenol. however it is not possible lo draw a resonance structure 
that delocalizes the negative charge into the nitro group, 


О: 
- 8 a je C » 
(7: QU 
Tuum ae m ME ue 
| N 
| | 
ы кю 
fewer important structures than the pura-isomer 18,661 


Because р-пигорћелохне has more resonanee structures, ibis more stable relative to its cor- 
responding phenol than is 2;-nitrophenoxile. Hence p-nitrophenol is the more acidic of the 
two nitraphenols, The acid-strengthening resonance effect of ortho and para nitro groups Is so 
large that 2.-L6-trinitrophenol (pieric acid? is actualls à strong acid. 


OH 


<0, 


2,4,6-trinitropheuo] 
Ieri асы) 
pA, TIYIN 


Lets Summarize the Factors thai govern acidity as we ve seen them m operation sc far: 


|. Element effects: Other things being equal. compounds are more acidic when the element 
to Which the acidic hydrogen is bound has a higher atomic number within either a row 
or group ol the periodie table. 

a. The effect within a row (periodi of the periodic table is dominated by relative eleg- 
tronegativities cor electron affinities}. Thus. water is much more acidie than methane. 
and phenol is much more acidic than teluene, because oxygen thigher atomie nun- 
ber) is more electronegative than carbon (lower atomic number. 

b. The effect within a column of the periodic table is dominated by relative bond 
energies. Thus, thiols are more acidic than aleobols because the 5 H bond is weaker 
than the O— H bond. 

l Charge effects: A positive charge on the atom to which the acne proton is attached en- 

hances acidity. For example, Н.О? is more acidic than Н.О. 

3. Resonance effects: Enhanced delocalization of electrons in the conjugate base enhances 
acidity. 
4. Pelar effects: Stabilization of charge in the conjugate base enhances acidity. 


PROBLEM Dis | | О. 
| PROBLEM | 18.30 Which of the two phenols in each set is more acidic? Explain. 


(a) 2,5-dinitrophenol or 2.4-dinitraphenal 
(b) phenol or zr-chlorophenol 
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(CO OH OH 


| or 


СН=0 


B. Formation and Use of Phenoxides 


Alcohol are not converted completely into alkoxides by aqueous NaOH solution Because the 
pA, values o£ water and alcohols are simtlar (See. SOAN [n contrast. the equilibrium tor the 
reaction of phenol and NaOH fies almost compietels to the right: 


ma + т Fa m ш т 1. 
O -H + COH ж” оу QU r Во (18.07) 
pA, = 12.7 
phenol phenoxide › 


ph, Saa 10r 


Because the difference in pA, values of water amd phenol is about 6, the equilibrium constant 
for this reaction is about 107 (Sec, 3 4E. Thus. for all. practical purposes. phenols are con- 
verted completely into their conjugale-base anions by. Ма solution. Although the stronger 
Bases used to iontze alcohols (Sec. SOA} can also be used for phenols, hydroxide ion or alkox- 
Ide bases such as ethoxide ton are often perleetls. adequate for the purpose. Thus. when phe- 
nal is treated with a solution сотан one оао of NaOH or Мас, Н. the phenol 
( —H proton ts Grated completely to ise a solution of sodium phenoxide. 

The acklities af phenols can sometimes be used to separate them from mixtures with other 
organie compounds. For example. suppose thal we wish lo separate the water-insoluble phe- 
nol. 4-chlorophenol. from the water-insoluble alcohol, 4-chlorocyclohexanol, Although the 
phenol itself ts water-insoluble. is sodium or potassium salt. Hke mans other alkalt metal 
salts, has considerable solubility in water because it is an donic compound, (Recall from Sec. 
SAB that water is one of the best solvents For iore compounds, ) 


у 


y, ^ 
LE P E Ў + d 
Cl On oa Or Nat CI & 788 
4-chlorophenol sodium 4-chlorophenolate 4-chloracyclohexanol 
soluble in ether mseluble зат ether «alude in ether 
insoluble in water soluble in water мире m water 


ian tente compeundi 


Thus, when à mixture of the phenol and the alcohol in ether solution is shaken wath aqueous 
NaOH. the phenol is selectivels extracted inte the aqueous solution as ns sodium salt; sodium 
A-chlorophienolate, while the alcohol, which is net significantly ionized by NaOH, remains in 
the ether. (ALhough alcohols of fow molecular mass are soluble in water. the chlorine and hy- 
drecarhon parts of 4-chlorocyetohexanol dominate Их selubility properties.) Acidifieatton ol 
Uo aqueous solution gives the phenol. which separates from solution because, after acidilica- 
Lion, itis no longer ionized. 

IE 15 usually said that phenols are “soluble im sodium hydroxide solution” What is really 
meant by this statement is that sodium hydroxide solution is added to a phenol. the phenol 
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is converted into its conjugate-base phenoxide ion, which, because 1t is ionic, 15 the species 
that actually dissolves in the aqueous solution. Solubility in 5% NaOH solution is a qualitative 
test for phenols (and other compounds of equal or greater acidity). 

Phenoxides, like alkoxides, can be used as nucleophiles. For example. aryl ethers can be 
prepared by the reaction of a phenoxide anion and an alkyl halide. 


де SCH cH.CH, —> JI (18.68) 


1-bromopropane 
phenoxide propoxybenzene 
ion (63% yield} 


This 15 another example of the Williamson ether synthesis (Sec. 11.1А). Note that the reaction 
of sodium propoxide, the sodium salt of I-propanol, with bromobenzene. would not be a sat- 
isfactory synthesis of this ether. (Why? See Sec. 18.1.) 


PROBLEM . : 
18.31 Outline a preparation of each of the following compounds from the indicated starting mate- 


rial and any other reagents. 
(a) p-nitroanisole from p-nitrophenol (05) 2-phenoxyethanol from phenol 


18.22 The following compound, unlike most phenols, is soluble in neutral aqueous solution, but 
insoluble in aqueous base. Explain this unusual behavior. 


F4 + 
9—67 )- N(CH;}, C 


OXIDATION OF PHENOLS TO QUINONES 


Even though phenols do not have hydrogen at their a-carbon atoms. they do undergo oxida- 
tion. The most common oxidation products of phenols are quinones. 


OH O 
Na Cr; 
шы Гый, 
HSO, (18.69) 
OH O 
hydroquinone p-benzoquinone 
(86-92% yield) 
OH O 
H4C CH, Н.С CH, 
MasCriOs 
се; (18.70) 
Н.С "O HC 


2,3,6-trimethylphenol O 


2,3,5-trimethyl-1,4-benzoquinone 
(50% yield) 
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OH O 
EE Se the O TESIR 
EN Apt 
4-methylcatechol 4-methyl-1,2-benzoquinone 


unstable red crvstalsi 
генен алтей! 


As Eqs. 18.609—18.7] illustrate; p-hsdroxyphenols thydroquinones?; o-hydroxyphenols teate- 
chols} and phenols with an unsubstituted position para to Ше hydroxy group are oxidized to 
quinones, A quinone is any compound containing either of the following structural units. 


( (> 


p {> 
| 
^ 


(7 an ortha-quinone 
d Pur-guinene 
If the quinone oxygens have a LA (para) relationship, the quinone is called à pare-quinone: it 


the oxygens are in a 1.2 (ortho) arrangement, the quinone is called an erie-quinone. The fol- 
lowing compounds are typical quinones. 


{) C с) 
n, 
derived from 
E 
С o-benzoquinune () naphthalene 
(1,2-benzoquinonc) 
p-benzoquinone 1,4-naphthoquinonec 


(1,4-benzoquinone? 


( 
А 1 £s ч 
derived trom | 
| m" 2 
$1 anthracene 


9, 10-anthraquinone 


As illustrated by the preceding structures. the names of quinones are derived fram the names 
of the corresponding aromatic hydrocarbons: benzequinone Is derived [rom benzene, napfi- 
fhequinone from naphthalene. and so on. 

Ortho-quinones. particularly ariie-bensoquinones, ure typically considerably less stable 
than their pera-julnone isomers, One reason for this difference ts that in ertho-quinones. the 
ends of the C=O bond dipoles with like charges ure close together and therefore have a 
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repulsive. destabilizing interaction. In pere-quinones these dipoles are pointed m opposite di- 
rections und are farther apart. 


Г! 


E 
) 
e 
m ae 
<a 


p-benzequinone p-benzoquinone 
like charges in the bond dipole bond dipeles have epposite directiens 
are close together Ard are farther aparl 


A number of quinones occur in nature. Селта О, shown in the Follow ing structures in 
s oxidized form iebiquinonce. is an important Factor in the respiratory. cham localized in the 
mitochondrion that converts oxygen ultimately into water and harnesses the energy thus re- 
leased to sx nthesize adenosine triphosphate АСР, an important “biochemical fuel” Додот 
bicin vadriamyein y isolated from à mieroorganism. is an important antitumor drug. 


» 
i} tC C1EI ҹу 
i | CCH OH 
CHO CH, І 
, MI [| Mm 
CHO GEH CIE C—€IH- |] 
in : 
O СНА i) ОМ O— sugar 
coenzyme Q doxorubicin 
(ubiquinone) (adriamycin) 


The oxidation of phenols by air (ap to colored, quinone-containine products is the reug- 
tion responsible [or the darkening thal is observed when some phenols are stored for a long 
time. The oxidation Bs drouinone and its derivatives to the corresponding phenzaequinenes 
can alse be carried out reversibly in an eleetrochemival cell. Oxidation potentials of à number 
od phenois with respect to standard electrodes are well know n. 


PROBLEM “АЩ 
а 15.33 Postulate a structure for the compound formed when ubiquinone undergoes a bwo-electran 


reduction. 


Practical Applications of Phenol Oxidation The exidaiien of phenols has several im- 
portant practical applications. For example. phenols are sometimes used to inhibit free-radical 
reactions that result in the oxidation of other compounds (Sec. 5.60} The basis oc this eltect 
Is that many free radicals (Rein Eg. 18.722) арыга a hydrogen from hydroquinone to form a 
vers «table radical called a senigeineone 


oR 


- а ай, "es A bë 
OH O- 


—— ——- 118.73 


SUITE LITTON 
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(The semimquinone radical. like the benzsl radieat (dg. 17.10. р. 7933. 18 resonance-stabitized., as 
shown in liq. 8.72b. A second free radical ean react with the semiquinone to complete its ox- 
lation ворони, 


(0: 
" 1 


+ Н Н ца? 


Hydroquinone thus terminates free-radical chain reactions Бу intereepting. free-radical 
intermediates Re and reducing them ta RH. 

The effectiveness of several widely used food preservatives is based on reactions such их 
these. Examples of such preservatives are "hutsdated hydross toluene" (BAT) and “butylated 
hydroxyanisole” (BAHAY. 


SIT OH OH 
EH, ht EH) Сна; | 
ы ENS | - 
EE Os 
CH, OCH, OCH, 
BHT BHA 


Qaidation mvolving tree-rudical processes is ene was that foods discolor and spoil, A preser- 
vative such as ВИТ inhibits these processes by donating its OH hydrogen atom to free radicals 
in the food (ак in Еч. 18.724) The BHT ts thus transformed into à phenoxy radical. which is 
loo stable and unreactive to propagate radical chain reactions. Although the use of BAT and 
BHA as food additives has generated some controversy because of their potential side effects, 
without sueh additives foods could not he stored Tor апу appreciable length of time or trans- 
ported over long distances. 

Унап E. a phenol. is the major compound in the blood responsible for preventing oxida- 
tive damage by free radicals. Vitamin. E uet bs terminating radical chains in the manner 
shown in Eq. 158.722. 


Cll. 


Cih qp CIL H CH, СН, 


-tocopherol 
à mapor orm ol vitamen | 
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Poison ivy and itchy Quinones 


Over half of the people in the United States suffer from allergy to poison ivy, poison oak, and poison 


sumac. The active principle in these piants is a family of catechol derivatives known collectively as 
urushiol. 


urushiol (one of several components) 


(The various urushiol components differ in the number, positions, and possibly the stereochemistry 
of the side-chain double bonds.) The allergic reaction is not caused by the catechol itself, but rather 
by its oxidation product, an o-quinone: 


OH О 
ОН [О] O 
enzyme _ 
biological oxidation (18.73) 
x R 


(СН X (CH;).CH; 


The long hydrocarbon side chain of urushiol probably imbeds itself into the lipid bilayer (Sec. 8.5A) 
of a skin-cell membrane, thus immobilizing it near membrane-localized oxidizing enzymes. Ortho- 
quinones are examples of а, B-unsaturated ketones, which are compounds in which a ketone car- 
bonyl group (С==0) is conjugated with a carbon-carbon double bond. As we'll explore in Sec. 22.8, 
these compounds undergo rapid conjugate addition with nucleophiles, including nucleophiles 
available in the cell, such as the thiol and amino groups of proteins. Using the thiol group of a pro- 
tein as an example, a typical addition reaction occurs as follows: 


OH 
О О 
Ip- SH + — = | (18.743) 
| | conjugate 2 
protein R addition [РЕ R 


A subsequent rapid reaction with Bronsted acids and bases forms a substituted catechol. 


OH 
Qi^^H—B 
V = 
R 
ОН 
OH 
+ B: 
PES R (18.74b) 


modified protein 
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Ortho-quinones are not aromatic, but the catechol addition products are; the aromatic stabilization 
of the product makes the reaction irreversible. These reactions result in an irreversibly modified pro- 
tein, which is now sensed as “foreign” by the immune system. The resulting biological response is the 
all-too-familiar allergic reaction—the skin eruptions and the intense itch. 


PROBLEM : 
18.34 Given the structure of phenanthrene, draw structures of 


(a) 9.IO0-phenanthraquinone (b) 1.4-phenanthraquinone 


phenanthrene 


Indicate whether each is an o- or a p-quinone. 


18.35. Complete the following reactions. 


Р (а) OH (b) OH 
NUS СУТ) 
Ehe o Dcos dme 


18.36 Draw the important resonance structures of the radicals formed when each of the following 
reacts with К, a general free radical. 
(a) vitamin E (b) BHT 
18.27 (a) Give the structure of the product formed in the reaction of urushiol with К.СО, and à: 
large excess of methyl iodide. 
(b) Would this compound be likely to provoke the same allergic skin response as urushiol? 
Explain. 


ELECTROPHILIC AROMATIC SUBSTITUTION 
REACTIONS OF PHENOLS 


Phenols are aromatic compounds, and they undergo electrophilic aromatic substitution 
reactions such as those described in Sec, 16.4. In some of these reactions, the — OH group has 
special effects that are not common to other substituent groups. 

Because the —OH group is a strongly activating substituent, phenol can be halogenated 
once under mild conditions that are totally ineffective for benzene itself. 


u-( уон + Br. ———— rl Non + HEr (18.75) 
Р CCl; or CS. 


phenol p-bromophenol 
(82% yield) 


Notice the mild conditions of this reaction. A Lewis acid such as FeBr, is not required. (A so- 
lution of Br, in CCL, is the reagent usually used for adding bromine to alkenes.) But when phe- 
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nol reacts with Pr. in Н.О? Bromine water more extensie bromination occurs and 2.4. 6-tr1- 


bromophenol is obtained. 


OI 
s 
| - Min ж 
M E 1141 
phenol 


OH 
Br Br 


+ ЗЕТ PLS 761 


p 
| 
Вг 


2,4,6-tribromophenal 
T | TR LET, ШЫП 
l previpitales i 


This more extensive bhromination occurs tor ta Teasons, First. Bromine reagis with saler [o 
vive protonated hypobremous acid. a more potent electrophite than bromine itselt. 


Br. — ILO: жо BrT + Bro OH ж Вг = BOH ORTI 
protonated hs pobromenus 
hvpobremous acid acil 


Second. in aqueous solutions near neutrality. phenol partially ionizes to its conjugate-Dasc 
phenoxide anion, Although only à small amount of Unis anion is present, it is vers reaettve and 
brominates instantly. thereby pulling the phenol -phenolate equilibrium te the righi. 

= 9 [ Te | L 


Or 
E | NL UT шоно, 
T 2 Very ET-— n 
кро” 
ОН 
Br Br 
"d 
| =——= 
IM IL oar 
Вг 


veri mseluble: 
precipltates | 


EI 
lli | D. 
amore acidi 
Кз е than phenol: 
hr lr 


Br Piu 
FO Tada db 


| BENAS 


Phenoxide ion is much more reactive than phenol because the reactive intermediate ts not а 
carbocation. but is instead a more stable neutral molecule tred structure? 


me 
| 
"d 
|| — 
EN 
1 
+ L] 
ILO- gp. H 


з 18) 


ИКЕ 
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p-Bromophenol is also in equilibrium with iis conjugate base p-hromophenoxide anion. which 
bromingtes aun until all ortho and para positions have been substituted. Notice in Eq. 18.78 
that in the second and third substitutions the pow erful ortho, para-directing and activating vt- 
Ог group override the weaker deactivating and directing eftects of the hromine 
substiluents. [n strongly. залее solution. in which formation of the phenmolate anion is sup- 
pressed. bromination can be stopped at the 2;4-dibromophenol stage. 


lees al the 


Br 
/ oN OH + Br. — Br ИА COH + 2lIBr КА 
phenol 2,4-dibromophenol 


[RT o vield l 


Phenol is also sers reaelive in other electrophilic subso tution reactions, such as nitration, 
Phenol can he nitrated once under mild conditions, t Notice that Н.50 18 not present as itis iri 
the nitration of henzene: Eq. 16.10. p. 7549 


NO. 


/ 
i> ¢ 
OH З T Son - on’ Son HO. asst 


(ilc li ^ 
phenol o-nitrophenol p-nitrophenol 
(2670 yield, hs yield: 


Because phenol ts actis ated toward electrophilic substitution. i£ is also possible to nitrate phe- 
nol two and three times. However, direct nitration 18 ae? the preferred method for synthesis of 
di- and trinitrophenol. because the concentrated TINO, required for multiple nitrations is also 
an oxidizing agent. and phenols are easily oxidized (ое, 18.8). Instead. 2.4-dinitraphenol! is 
ssithesived by the nucleophifie aromatie substiiulion reaction of |-chloro-2.4-dinitrobenszene 
with OH thee, 18 4А. 


NO, NO, 


HNG, он i 


IESU | к} | 
C]. ——— о.м / ——— oal DoH TERA 


chlorobenzene | -chloro-2,4-dinitrobenzene 2,4-dinitrophenol 


The basic conditions of this reaction result in formation of the conjugate-base anion of the 
product; the PLOY is added following the reaction to give the neutral phenol. 

The great reactis iiy ol phenol in electrophilic arematie substitution does not extend to the 
Friedel-Cratts aes lation reaction. because phenol reacts rapidly wath the AICI, catalyst, 


а) 


na „ч + = 
„ОН OE AIC). OSAKI 
7 "d à m viui пою 
- AlCl, ж | 4» + НО 18.83) 
S SN 


The adduct of phenol and АСК is much less reactive than phenol tiself in electrophilic aro- 


marie substitution reactions because, as shown in Eq. 8.3. the oxygen electrons are delocal- 
^ed onto the electron-delicient aluminum. Because of their delocalization away from the ben- 
fone ring, these electrons are Jess available for resonance stabilization. of the carbocation 
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intermediate formed within the ring during Friedel-Crafts acylation (Eq. 16.24, p. 760). 
Thus, Friedel-Crafts acylation of phenol occurs slowly, but can be carried out successfully at 
elevated temperatures. Because it is not highly activated, the ring is acylated only once. 
O 
| 140°C HO 
2 
_ ЗИНОИ. 
(as a complex} O 
k (CH); CH 
4 OH T comi Son (18.84) 
Further Exploration 18,3 
PRES аак (34% yield) (47% yield) 


Friedel-Crafts alkylation of phenoi is also possible. 


Ü ү" 
Е " Gp un Oe њос )-on + Н.О (18.85) 
CH, CH; 


p-tert-butylphenol 
(80% yield} 


EROSUEMS | 18.38 Give the principal organic product(s) formed in each of the following reactions. 


(а) o-cresol + Br;in CCl, ——» 
(b) m-chlorophenol + HNQ;, low temperature ——» , 
(с) ү 
Кэм 
p-bromophenol + Н,С—С——С1 IM Бе. 
18.39 Give a curved-arrow mechanism for the reaction in Eq. 18.55. Be sure to identify the elec- 
trophilic species in the reaction and to show how it is formed. 


REACTIVITY OF THE ARYL-OXYGEN BOND 


A. Lack of Reactivity of the Aryl-Oxygen Bond in 5,1 and 5,2 Reactions 


Just as the reactions of alcohols that break the carbon—oxygen bond have close analogy to the 
reactions of alkyl halides that break the carbon-halogen bond. the carbon-oxygen reactivity 
of phenols follows the poor carbon—halogen reactivity of ary halides. (That is, we can think 
of phenols as “aryl alcohols.) Recall that aryl halides do not undergo S41 or EI reactions 
(Sec. 18.3); for the same reasons, phenols also do not react under conditions used for the $, 1 
or E] reactions of alcohols. Thus, phenols do ror form aryl bromides with concentrated НВг; 
they do nor dehydrate with concentrated H55O,. (Instead, they undergo sulfonation: see Sec. 
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16.40.) The reasons for these observations are exactly the same as those that explain the Jack 
of reactivity of aryl halides (see Secs. 18.1 and 18.3). 
More generally. алу derivative of the form 


in which X is à good leaving group. such as tosylate, mesylate, or even —OH,, has the same 
lack of reactivity toward S41 and 5,2 conditions as aryl halides—and for the same reasons. 

The lack of reactivity of the aryl-oxygen hond can be put to good use in the cleavage of 
aryl ethers. Recall that when ethers cleave—depending on the particular ether and the mecha- 
nism—products resulting from cleavage at either of the carbon-oxygen bonds are possible 
(Sec. 11.3). In the case of aryl ethers, cleavage occurs oniy at the alkyl-oxygen bond; conse- 
quently. only one set of products is formed: 


cleavage occurs here | 


heat 


OOH. + HBr -< OH + СН, Вг (18.86) 


X observed products 
T + CH,OH 


( not observed! 


In this example. ether cleavage gives phenol and methyl bromide rather than bromobenzene 
and methanol because the S,,2 reaction of the bromide-ion nucleophile can only occur at the 
methyl group of the protonated ether: 


обн, OA — ( 2-7 + СН, Вт: (1887) 


542 reaction of the Br ^ 
cannot occur here 


PROBLEM 


18.40 Within each set, identify the ether that would not readily cleave with concentrated HBr and 
heat, and explain. Then give the products of ether cleavage and the mechanisms of their for- 
mation for the other ether(s) in the set. 


(а) 
benzyl methyl ether p-methoxytoluene Hs 
(2,2-dimethyl —" 
(neopentyl phenyl ether 
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(b) єн, 
(19-9 CT 
3 CH; 
diphenyl ether 
tert-butyl phenyl ether (phenoxybenzene} 


(tert-butoxybenzene) 


B. Substitution at the Aryl-Oxygen Bond: The Stille Reaction 


We learned in Sees. 13.5 and 18.6 (hal certain transition-metal catalysts. particularly Расо, 
can gatal ze the substtution of ani balides at ars] carbons. Ри 0) catalysts ean also catalyze 
substitution at the aryl-oxygen bond, The lirst requirement for this to occur is conversion of 
the phenolic — OH group into a triflate; u vers reactive leasing group. (Triflates were intro- 
ducted in See. ТОЛА. p. 448.3 


[> {2 


OH | 
m | | a nod 
X: Б. 5 — (7 — == + | — —— 
ees de | | к. 
: no | . 
tritluoromethanesulfonic | pue | 
me alend anet bus) 
anhydride 
Ltriflic anhydride} 
С) 
NE 4 
a т о |. 
z з. J ES + 2 \ 
( Al | if Н М ү 
1 | 
4-methoxyphenyl trifluoromethanesuHonate 
(p-methoxyphenvsl triflate) 
| ау vield | [ | esta | 
Ard triflates react readily with organotin derivatives im the presence of (ИО) catalysts to 
eise coupling products, 
triflate 
athe i РР 
Q — valli sti 
| Fi b ї | j X Us d 
Ha - Ww a8 rf = S Pm МСН, oc Eag] iss ue 
2 t | excess 
trimethylpheryistannane 
(} 
z : Xx i Ў X = : . + 
HC—tU 4, p= у С + LIOTE 115.859) 
| AE om 


XT Viel | 


This reaction is called the Stille reaction, atier John К. Stille (1930. 18989). whe was a protes- 
sor eb chemistry at Colorado State (тл егиу. Stille and his students developed this reaction 
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in the early 1980s. The Stille reaction is another important application of transition-metal 
valalysis for the formated of carbon-carbon bonds. 

^ number of metals can he used to bring about simmlar transformations, Bub tm was chosen 
because Ihe erganotin compounds used in the Stille reaction are relatively imsensitiise bo mols- 
ture, tolerant of other Functional groups. amd very cass to handle. (Some can be distilled or 
uTystillived. Мапу of them are either commercials available. or they are readily. prepared 
Irom Grignard reagents and commercialls availible trialkyltin chlorides, The vers Basie “eure 
banion of the Grignard reagent displaces chioride. a weak base. trem the tin: 


She. tite | L n CE, | . - - 
pr —— er y jr eb м 1 чена, = Сма ТЕ 


In Ец. 18.89, notive that the phenyl group is transferred in preference to the methyl groups 
m the Sulle reaction. Ja general. sanylic groups. ars] groups. and other unsaturated groups are 
transferred preterentially. However it a tetraalkvlstannane is used. alkyl groups can also be 
transterred. This provides an excellent was to prepare. alks l|benzenes. In. contrast to the 
Friedel Crafts alk lation reaction (See, 16.46. the Sulle reaction is vet plagued by rearrange- 
ments. 


ИША 


() 
| vallisti 
- чм {7 
coc QI ЕСН СНС НС Нал + lal ———* 
2 7 


«каг 
FOXCUNS I 
tetrabutvIstannane 


(! 
|o 
H — Сс — ‚К CHLCHLCH ACH, = СНС ИСН СТ, = LEYII кот) 
NN if 


p-butylacetophenane 
LIe viehi 


The mechanism of the Sulle reaction (Eq. 18.92) Besins with oxidative addition ot the aryl 
triflate to the 1H-clectron Pai PPh} (the same gatah tic species as in the Heek and Suzuki reac- 
опу The resulting comptes (77 is very unstable, and the excess chloride iin tis LICI rescues 
The complex from decomposition by ligand substiutien to Form £21. The alor alkyl R-groups 
on the organotin compounds have carbanion character, and thes ате nucleophilic enough to 
substitute l'or the chloride on the P. A reductive elimination completes the mechanism. 


"NE PE 
| б OTT КЕ оҥ у 
^ wo 0H SA EN Nr E 
Pd ки, > E ын} Pd figni 
PRAXIS ДАИ КШДШ 
| deditio 7 ^ar SUP she и TA Nar nist 
ипе! EM 
— ОТ 
| R | 
/ : N 
t:[—sn— + Pd wee. 0 Pd АЕ o (18923 
" АЛИП 
` 17 АГ cheen AN (7 


ТАЧ 
regeneratedi 
L 
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Complex ¢2hin Eq. 18.92 is the sume complex that would be tormed from oxidative addition 
of an агу halide to Pdl... (Compare with the produet of Step (7J in the Heck mechanism. Eq. 
15.426. p. 846.) Hence. the Stille reactton ean be carried out with ary! halides instead of ani 
triflates; and the Heck reaction сап be carried out with aryl tritlates instead of arvi halides. 

The Sulle reaction adds another method to our arsenal of reactions that ean be used to form 
carbon «carbon bonds: 


|. the addition of curhenes and cearbeneuls to alkenes (See. 9.81 

2, the reaction of Grignard reagents with ethylene oxide and lithium organecuprate reagents 
with epoxides (See. 114C) 

. the reaction of aceti lenie anions with alks | halides or sulfonates (Sec. 14.765) 

. the Dieis—Alder reaction (See. 15.33 

. Friedel-Crafts reactions (Sees. 16.4E-F) 

. the Heck and Suzuki coupling reactions (Sees. 18 ,бА—В!} 

. alkene metathesis (Sec. 18.6C) 

. the Stille reaction this section) 


= —] Т un ll ә 


HOBFEMS 18.41 Predict the product of the Sulle reaction between — ethyinvltrimethylstannane. 


HC==C—Sn(CH,},. and phenyl triflaie, PhOTE, in the presence of Pd(PPh,), and excess 


LiCl. 
18.42 What reactants would be required ta form the following compound by the Stille reaction? 
JI 
C UH 
bor 
О.М ZU 
O^ “осн.сі, 


Historically, phenol has been made in à variety of ways, but the principal method used today 
Is an elegant example of à process that gives two imdustrialls important compounds, phenol 
and acetone, tC H4. C—0., trom a single starung material, The starting material for the man- 
ufacture of phenol is cumene (isepropyibenzenej. which comes trom benzene and propene. 
Iwa compounds obtained from petroleum tSec. 16.71). The production of phenol and acetone 
Is à two-stage process, In the first stage, eumene undergoes an eitoxidation to form cumene 
hydroperoxide. (An autoxidation is an oxidation reaction involving molecular охл gen as the 
oxidizing agent). 


похол: 
CEL, CH: 
РАС СН, +0. — ССН, Sa) 
HI 0—0—H 
cumenc cumene hydroperoxide 


In the second stage, cumene hydroperoxide t subjected to an acid-catalvzed rearrangement 
that yields both acetone and phenol, 


Rearrangement: 


CH, 
STUDY GUIDE LINK 18.2 Д 
тпе Ситепе Eli —C —LH 
Hydroperoxide 
Rearrangement a oe 
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ү? 
Te 59 


H:50, 


| 
——- Ph—OH + H,C—C-—CH; (13;93Ы) 


Н» 


phenol acetone 


Phenol is a very important commercial chemical, It is a starting material for the production 
of phenol-formaldehyde resins (Sec. 19.15), which are polymers that have a variety of uses, 
including plywood adhesives. glass fiber (Fiberglass) insulation, molded phenolic plastics 
used in automobiles and appliances, and many others. Fig. 5.4 (p. 218) shows how the manu- 
facture of phenol and acetone fits into the overall chemical economy. 


PROBE | 18.43 Compound A is а by-product of the autoxidation of cumene, and compound B is à by-prod- 


uct of the acid-catalyzed conversion of cumene hydroperoxide to phenol and acetone. 


CH, 


p 


| 
Ei 2. c» Ж. OH 


CH; 
А 


CH; 
В 


Give a curved-arrow mechanism that shows how compound A can react with phenol under 
the conditions of Eq. 18.93b to give compound B. 


KEY IDEAS IN CHAPTER 18 


Neither aryl halides, vinylic halides, nor phenols un- E 
dergo 5,2 reactions because the sp hybridization of 

the $42 transition state has relatively high energy and 
because the backside substitution reaction with nu- 
cleophiles is sterically blocked. 


ш Neither aryl halides, vinylic halides, nor phenols un- 
dergo 5,1 reactions because of the instability of the 
carbocation intermediates that would be involved in d 
such reactions. 


ш The aryl-oxygen bond is unreactive in both 5,1 and 
S42 reactions. 


ш Vinylic halides undergo f-elimination reactions in 
base under vigorous conditions to give alkynes. 
Strong bases can also promote f-elimination in aryl 
halides to give benzyne intermediates, which are 
rapidly consumed by addition reactions with the 
bases. 


Агу! halides substituted with ortho or para electron- 
attracting groups, particularly nitro groups, undergo 
nucleophilic aromatic substitution. In this type of re- 
action, the nucleophile reacts at the ring carbon to 
form a resonance-stabilized anion (Meisenheimer 
complex),from which the halide leaving group is then 
expelled. 


The important concepts for electron counting in tran- 
sition-metal complexes are 


]. Oxidation state: The number of X-type ligands plus 
the charge. 

2. The d" configuration: The number of unshared 
electrons on a metal within a complex, equal to 
the electron count of the neutral atom minus the 
oxidation state. 

3. The electron count: The electron count of the neu- 
tral atom plus the number of X-type ligands plus 
twice the number of L-type ligands minus the 
charge. 
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REACTION, REVIEW 


B Some fundamental processes in transition-metal 


catalysis are 


1. Ligand association and dissociatian. A succession 
of dissociation-association steps gives ligand 
substitution. 

2. Oxidative addition. 


3. Reductive elimination. (Oxidative addition and re- 
ductive elimination are conceptuaily the reverse 
of each other.) 


4. Ligand insertion. 


5. B-Elimination, (1,2-Ligand insertion and B-elimina- 
tion are conceptually the reverse of each other.) 


Several transition-metal-catalyzed reactions can ef- 
fect the coupling of vinylic and aryl groups. These are 
catalyzed by Pd(0), which is typically present as 
Pd(PPh,), or a related derivative. Pd(OAc), can also be 
used; it is reduced in the reaction mixture to form 
Ра(0). 


1. The Heck reaction brings about the coupling of an 
alkene with an aryl bromide or iodide. The reac- 
tion is typically used to form aryl-substituted 
alkenes. 


à, The Suzuki reaction brings about the coupling of 
a vinylic or aryl bromide or iodide with an aryl or 
vinylic boronic acid or borane. The reaction is used 
to form biaryls, aryl-substituted alkenes, and con- 
jugated alkenes. 


3. The Stille reaction is the coupling of an organic 
group derived from an organostannane reagent 
with the aryl group of a phenol in which the phe- 
nol group has been converted into a triflate 
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group. The Stille reaction can be used to form 
both alkyl- and aryl-substituted benzenes. 


The key mechanistic steps in all of these reactions are 
an oxidative addition of the ary! halide or triflate to 
the metal and a reductive elimination of the cou- 
pling product. 


In alkene metathesis, two alkenes can be transformed 
into other alkenes by breaking the carbon-carbon 
double bond and scrambling the resulting fragments. 
The ruthenium-based Grubbs catalysts G1 and G2 can 
be used to bring about this transformation. A series of 
ruthenium metallacycles are key intermediates in 
alkene metathesis. Formation of cyclic alkenes is one 
of the most important applications of this reaction. 


Phenols are considerably more acidic than alcohols 
because phenoxide ions, the conjugate bases of phe- 
nols, are stabilized both by resonance and by the elec- 
tron-attracting polar effect of the arornatic ring. Phe- 
nols containing substituent groups that stabilize 
negative charge by resonance or polar effects (or 
both) are even more acidic. 


Phenols can be oxidized to quinones. Two classes of 
quinones are ortho-quinones and para-quinones. 
Para-quinones are typically more stable. 


Some electrophilic aromatic substitution reactions of 
phenols show unusual effects attributable to the 
— ОН group. Thus, phenol brominates three times in 
bromine water because the —OH group can ionize; 
and phenol is rather unreactive in Friedel-Crafts acy- 
lation reactions because the — OH group reacts with 
the AICI, catalyst. 


For a summary af reactions discussed in this chapter, see Section В, Chapter 18, in the Study 


ADDITIONAL PROBLEMS 


18.44 Give the product(s) tif any) expected when 


p-iodotoluene or other compound indicated is sub- 
jected to each of the following conditions. 

(a) CH,OH. 25 °C 

(b) CH,O7 in CH,OH. 25 °C 

(c) CH4,O'. pressure, heat 


(d) Mg in THF 

(e) product of part (d) + CISn( CH), 

(F) Li in hexane 

(g) H.C—CH.. Pu( PPh;1, catalyst, and (CH,CH,),N 
in CH,CN 

(h) product of part (e) with phenyl triflate, excess LiCl. 
and Pd(PPh,), catalyst in dioxane 


| 8.45 


| 5.46 


18.47 


(1) РАВОН), aqueous Na,CO., and Pdi PPh, catalyst 


(j) product of (di + B(OCH,),. then H,O7/H,O 
(К) product of (j) + CE) I-bromopropene, aqueous 
Ма-СО,. and Pd(PPh,)}, catalyst 


Give the product(s) expected (if any) when m-cresol or 
other compound indicated is subjected to each of the 
following conditions. 

(a) concentrated H,SO, 

(b) Br, in CCL, (dark) 

(cY Br. (excess! in CCL. light 

tdi) dilute HC] 

(2) 0.1 M NaOH solution 

(1) НМО, cold 

(2) Q 


am ho AICI, heat; then Н.О 

(hy Na,Cr.O, in H.SO, 

(i) trillie anhydride in pyridine, ОС 

(i) product of part (i) + СН, п, excess LiCl, and 
Pd(PPh,}, catalyst in dioxane 

(k) product of (1) + (E CH,CH—CH —BtOH V. 
aqueous NaOH. and Pdi PPh,), catalyst 


Give the products formed in the reaction of 

|-hexene with each of the following compounds in the 
presence of the Grubbs G2 catalyst. 

(a) an excess of ally} alcohol (2-propen-l-ol} 

(b) an excess of 2-methylpropene (isobutylene) 


Arrange the compounds within each sel in order of in- 

creasing acidity, and explain your reasoning. 

(a) cyclohexyl mercaptan, cyclohexanol, benzenethiol 

(b) cyclohexanol, phenol, benzyl alcohol 

(€) p-nitrophenol, p-chlorophenol, 

О: 

ac "mj 

H—O—N 
Oc 
(d) 4-nitrobenzenethiol, 4-nitrophenol. phenol 
(€) OH OH OH OH 


ü 


NO, 


18.48 


18.49 


18.50) 


18.51 
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Although enols are unstable compounds (Sec. 14.54), 
suppose that the acidity of an enol could be measured. 
Which would he more acidic: enol A or alcohol 8? 
Why? 


й т 
H,;C—C=CH, H,C—CH—CH, 
A В 


Identify compounds А. B, and C from the following in- 

formation, 

(a) Compound A. C.H О, is insoluble in water but 
soluble in aqueous NaOH solution, and yields 3,5- 
dimethylcyclohexanol when hydrogenated over a 
nickel catalyst at high pressure. 

(b) Aromatic compound B. C.H,40. is insoluble in 
both water and aqueous NaOH solution. When 
Irealed successively with concentrated HBr. then 
Ме in THF. then water. il gives p-xylene, 

(2) Compound С, С.Н О, is insoluble in water and 
in NaOH solution. hut reacts with concentrated 
HBr and heat to give m-cresol and a volatile alkyl 


bromide. 


Contrast the reactivities of cyclohexanol and phenol 
with each of the following reagents, and explain. 
(a) aqueous NaOH solution 

(b) NaH in THF 

(c) triffic anhydride in pyridine, 0 "C 

(d) concentrated aqueous НВг, H $O, catalyst 

(er Br; in CCL, dark 

(D) Na,Cr.O, in H.SO, 

(e) H.SO, heat 


Choose the one compound within each set (sec Fig. 

PI8.5I on p. 878) that meets Ihe indicated criterion. 

and explain your choice. 

(a) The compound that reacts with alcoholic KOH to 
liberate fluoride ion. 

(b) The compound that cannot be prepared by a 
Williamson ether synthesis. 

(c) The compound that gives an acidic solution when 
allowed to stand in aqueous ethanol, 

(d The ether that cleaves more rapidly in HI. 
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18.52 Give the products (if any) when each of the following 
Isomers reacts with HBr and heat. 
OH 


OH 
чм. 


CH OH OCH, 


| 8.57 

3-(hydroxymethyl)pheno! — 3-methoxyphenol 

15.53 Explain the following observations, which were 
recorded in the chemical literature, concerning the re- 
action between tert-butyl bromide and potassium ben- 
zenethiolate (the potassium salt of benzenethiol): "The 
attempts to prepare phenyl tert-butyl sulfide by this 
route failed. Tf the reactants were kept at room temper- 
ature KBr was formed, but the benzenethiol was re- 
covered unchanged." 


18.54 What products (if any) are formed when 
3,5-dimethylbenzenethiol is treated first with one 
equivalent of Na* C,H,O7 in ethanol, and then with 
each of the following? 

(a) allyi bromide (b) bromobenzene 

18.55 Phenols, like alcohols, are Brensted bases. 

(a) Wrile the reaction in which the oxygen of phenol 
reacts as a base with the acid H5,5O,. 

(b) On the basis of resonance and polar effects. decide 
whether phenol or cyclohexanol should be the 
stronger base. 


18.56 The UV spectrum of p-nitrophenol! in aqueous solution 
is shown in Fig. P18.56 (spectrum A). When a few 
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drops of concentrated NaOH are added. the solution 
turns Yellow and the spectrum changes (spectrum д). 
On addition of a few drops of concentrated acid. the 
color disappears and spectrum А is restored. Explain 
Шеке observations. 


Vanillin i5 the active component of natural vanilla 
favoring. 


OCH, 
OH 
vanillin 


When a few drops of vanilla extract (an ethanol solu- 
tion of vanillin) are added to an aqueous NaOH solu- 
tion, the characteristic vanilla odor is not present, 
Upon acidification of the solution. a strong vanilla 
odor develops. Explain. 


A mixture of p-cresol (4-methylphenol), pK, = 10.2. 

апа 2,4-dinitrophenol, pA, = 4.11, is dissolved in 

ether. The ether solution is then vigorously shaken 

with one of the following aqueous solutions. Which 

solution effects the best separation of the two phenols 

by dissolving one in the water layer and leaving 

the other in the ether solution? Explain. (Hinr: Apply 

Eq. 3.21 on p. 101.) 

(lia Gh! M aqueous HCI solution 

(2) a solution that contains a large excess of pH — 4 
buffer 


(С) Вг Н.С 

| 1 
{_$—с—о, ог CH / Br 
(d) phenyl cyclohexyl ether or diphenyl ether 


Figure P18.51 


ADDITIONAL PROBLEMS 8/9 


(Зра solution that contains a large excess of pH = 7 cobalt (Co). Characterize this compound in the follow- 
buffer ing ways: 
(4) 0.1 M NaOH solution (a) the oxidation state of the cobalt 
(b) the d” count (that 15, the value of л) 
18.59 |-Haloalkynes are known compounds. (c) the total electron count around the metal 
(a) Would i -bromo-2-phenylacetylene (Br—CzzCPh) 
be likely to undergo an 5,2 reaction? Explain. 18.62. When a suspension of 2.4.6-tribromophenol ts treated 
(b) Would the same compound be likely to undergo an with an excess of bromine water, the white precipitate 
Sql reaction’? Explain. of 2.4,6-tribromophenol disappears and is replaced by 
a precipitate of a yellow compound that has the fol- 
18.60  Ferulic acid is а potent antioxidant found in tomatoes lowing structure. Give a curved-arrow mechanism for 
and other vegetahles that protects against oxidative the formation of this compound. 
stress in neuronal cells, and is thus of some interest in O 
research on Alzheimer's disease. (See the sidebar on Br Br 


pp. 519-320.) 


HO. H 
| Br Br 
C ОН 
: „үне. 
CH;O DS AR - i 
| | 18,63 It has been suggested that the solvolysis of 2-(bro- 
H О тате{һу1)-5-пигорһепо at alkaline pH values in- 
4-hydroxy-3-methoxycinnamic acid volves the intermediate shown in brackets (see Fig. 
(ferulic acid) P18.63, p. 8811. Give a curved-arrow mechanism for 


the formation of this intermediate and for ils 


(a) Show how a free radical R- would react with ferulic ЖУ. | | 
reaction with aqueous hydroxide ion to give the final 


acid. and include resonance structures of the prod- Е 
} rodul. 

uct radical. P 
(b) Would the isomer of ferulic acid, 3-hydroxy-4- 


Ne а ws | vn Ж | 18.64 Outline a synthesis for each of the tollowing com- 
methoxycinnamic acid, be equally ettective as а Б 


с oc pounds from the indicated starting material and any 
free-radical inhibitor? Explain. 

other reagents, 

(a) |-chtore-2,4-dinitrobenzene from benzene 


18.61 The structure of cyanocobalamin, one of the forms of аа 
(Б) L-chloro-3,5-dinitrobenzene from benzene 


vitamin B,., is given in Fig. P18.61, p. 881. Notice that 
cyanocohalamin is a complex of the transition metal (Problem continues...) 


арест B 


^ 


absorbance 


200 280 360 440 520 500 


wavelength (А), nm 


Figure P18.56 UV spectra for Problem 18.56. Spectrum А was taken in the presence of acid; spectrum B was 
taken in the presence of NaOH. 
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(с) Fh H 
pag | Nx 
Ph—_C=>C—Ph tram C=C 
ы * 
H Ph 
nu NO} 


o 
| 
H,C—C SCH; from chlorobenzene 


(e) 2-chloro-4.6-dinitrophenol from chlorobenzene 

(Г) “butylated hydroxytoluene” (BHT: p. 865) fram p- 
cresol (4-methylphenol} 

15} ( 


ICH; hC 47у Q from catechol 
(benzene-1.2-diol) 


ih) PhCH.CH,OH from bromobenzene 


i 


Irom the product of part (h) and Muorabenzene 


Gp 
| 
C NO; 
сё trom benzene and 
| ethylene as the only 
H sources of carbon 
(К) H 
"y 
C 
Tia a 
i j 
H 
Вт 
fram 
(1) ON H 
| 
aks. 
@ CH,OH 
| 
Н 


from bromobenzene. ethylene, 
and any other reagents 


(m?) 


fram PhCZzzECH and 4-methoxyphenol. (Hint: See 
Eqs. 14.23. p. 664. and 18.90, p. 873.) 


(п) Н OCH;CH4 


C 


P diu. 
CH.CHCH.cH, 7 


C 
| OCH;CH, 


from t-hexyne and resorcinol 


^ from icxdobenzene 


i) 
tracemale | 


Complete each reaction given in Fig. P18.65, pp. 
552—843. by giving the major organic product(s), and 
explain your reasoning. "No reaction" may be an ap- 
propriate response. 


One use of alkene metathesis is to form polymers from 
cyclic alkenes (“ROMP for “ring-opening metathesis 
polymerization). Give the structure of the polymer 
formed when each of the following alkenes is poly- 
merized with an appropriate metathesis catalyst. 

(a) 


сусіоосїепе 


ib) 


norbornene 


ta) 1.3-Cyclopentadiene undergoes a Diels—Alder re- 
action with itself to give a diene known commonly 
as endo-dicyclopentadiene. Give the structure of 
this diene, 

tb) When endo-dicyclopentadiene 1х subjected to 
ROMP (see Problem 18.66). a polymer is formed 
that is so strong that a | inch-thick black will stop 
a 9 mm bullet. Give a structure for this polymer 
and suggest one reason why il is so strong. 


Explain why. in the reactions given in Fig. P18.68, 
p. 883. dilferent stereoisomers of the starting material 
give different products. 


18.69 The reaction given in Fig. P18.69 on p. 884 occurs 
readily at 95 °C (X = halogen). The relative rates of 
the reaction for the various halogens are 290 (X = F}, 
I.4(X = CI and LOX = Вг). When a nitro group is 
in the para position of each benzene ring, the reaction 


18.71 


Is substantially accelerated, Give а detailed mechanism 
for this reaction. and explain bow itis consistent with 
the experimental facts. 
18.70 When I.3,5-trimtrobenzene [NMR: 5 9.1(51] is treated 
with М? CHO”. an ionic compound is formed thal 
has the following NMR spectrum: 6 3.3 (377, s) 6 6.3 
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CA. tf = 1 Az): 68.7 (2A ud, d = | Hz). Suggest а 
structure for this compound. 


Suggest structures [or X and Y in the reaction sequence 
given in Fig. P18.71 (p. 884). including their stereo- 
chemistry. Suggest a mechanism for the formation of 
Y. Notice that aluminum (Al) is just below boron tB) 
in the periodic table; to predict X. imagine that the AT 
is a B and ask how that compound would react with an 
alkene. СН, = pentyl and C,H, = butyl. (Hint: See 
Secs. 5.4B and 14.5В.) 


( Problem texts continue on p, 884) 


О 
C H-N 
i 4 prr iles 
HN” Е ==) 
А CH | 
| г HÇ cp, 

H.NCCH; й 9 
"e Ы | 
Ње \ '"CHsCH;CNH, 
НС“ 


oO 


Se 
к CH, 
| 
ES d N ux CH, 

Eaten” р 
" “oF ^e OH 
С 
(a) HOCH. © 


ib) | 


Figure P18.61 The structure of cyanocobalamin, the first isolated form of Vitamin B,..(a) А Lewis structure. (b) 
À perspective drawing that shows the position of the two ligands that are above and below the plane defined by 


the four ring nitrogens. 


CH.Br 


HO, "OTI 


O-N OH ON 


Figure P18.63 


CH: 


CHOH 


Ho 


O| ——À- QN —OH 
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ial 


(b) CI 


QN : "i 
| а н;о+ 
ОН ж ————- 


Ha, catalyst 


ic) 
сњо, у—он _ NaOH solution | __dimethyl sulfate p — high pressure 
ч) 25 "(7 
( )-а + ненен, -мн 36. 
B(OH), Pd({PPh3)4 catalyst 
CY ба БНО... БМР 


x 
[on Pdi PPh t4 catalyst 
Bqueous Маа Nas СО, 
(НО }, в—( " 
HO | OH 
^ T Br, сер" (CH; Вг) 
4 
pyrogallol 
OH triflic Pdi PPh}, catalyst 


e 
E ne (C4 ныз" me^ o 
excess LICI 


dioxane 


HC 


tt Y fexcess} 
Br 


Saou Pd(OAc) catalyst, (CH НМ 
/ x 


NU H 


| 


mien Sas Hasita 
LUN K;Cr;Q; ча. 


К HsSQ 
к) m-chlorophenol + Na;Cr,O; == 


Figure P18.65 (continues) 
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) ай CH450:C] CHO 
3d- : А dnd T 
2,4-dinitrophenol aiding eal 
(m) Br 
Br NO; 
+ (CH;),CHCH,S7 э 
NO, 


(n) 


(0) Give the stereochemistry of the product. 


: AS Ti OiPr) 
HOCH; CH;OH Grubbs (+)-diethyl tartrate 


ЗА - : (2 catalyst (CHIC —0—0H OH/H.O 
(CH,);C—CH=CH. + б=с _Geatalys | (CH)C—O—OH, Онно, 
/ 


H H 


tirubbs Ha 
C2 catalyst Pd/C 
——MÓ- XY —— у 
mixture of two a single 
optically active optically active 
compounds compound 


iq) Give the stereochemistry of the product and explain your reasoning. (9-BBN is a sterically hin- 
dered hydroboration reagent.) 


= Hr CH 
CH, i М. РА 
"^ | jet. 
Hats >Н, H C—OCH, 
| ГА 


чө 
te Way 4 РЭШ 
PdiPPh;), catalyst 


aqueous Ма: СС, 


9-borabicyclononane 
(9-BBN) 
Figure P18.65 (continued) 
Br OCH; 
р КОН > 2 
hows —— P»  Hiil—U0—OO—0UG. 
Н.С H (олу elimination product observed) 
Br H 

hh s KOH Jr - E 

(=. = Н.С ==С==с— OC.Ha T H.C—C-—UCH — OCH; 
HC CH; 


Figure P18.68 
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In some Pdi@)-catalyzed reactions. a РВЕ compound 
such as PdCl, can be used instead of РОО), but it 15 as- 
sumed that the Pd) is reduced to Pdi()) in the reac- 
lion, Give both the product and the curved-arrow 


methaxv-A-nitrabenzene, 4.92 D is greater than that 
of nitrobenzene. even though the electronegativities of 
chlorine and oxygen are about the same. 


mechanism for reduction of PdCl, to Pdi by :PPh.;. 18.75 The reaction given in Fig. P18.75, used to prepare the 
(Hinr: Uf Pd is reduced. something has to be oxidized.) drug Mephenesin (a skeletal muscle relaxant), appears 
to be a simple Williamson ether synthesis. During this 
Draw curved-arrow mechanisms for the reactions reaction, a precipitate of NaCl forms after only about 
given in Fig. P18.73. len minutes. but a considerably longer reaction time is 
required to obtain a good yield of mephenesin. Taking 
Explain why the dipole moment of 4-chloronttroben- these facts into account. suggest a mechanism for this 
zene (2.69 D) is /ess than that of nitrobenzene (3,99 reaction. (Hint: See Sec. 1].7.) 
D). and the dipole moment of p-nitroamsole (I- 
Ph X Ph ОСН. 
%, РА heat ? + | - 
P e + CH;O- НОН ы TX 
Ph H Ph H 


Figure P18.69 


CH; CESC—H + [(CH,},CHCH,],Al—H — X 


diisobutylaluminum hydride 


(DIBAL) 
| C.H, 
Ж = ГИР, Pdi PPa catalyst y 
/ i 
H H 


Figure P18.71 


(aJ 


Nec) +H—N: * 
ib} 


Figure P18.73 


HasO, 
———— des 


(cH, OH 


| 
O7 Nat, CI—CH,CHCH;OH 


Figure P18.75 


95°C 6h 
= 
DMSO 


ethanol-water 


1 
mata DL 


нс Уон 


ph OH 
| 
2h | 
{_у—о—сниснснон + Nat cl 
mephenesin 


18.76 


18.77 


15.78 


In 1960, a group of chemists led by Prof. John D. 
Roberts at Caltech reported that when chlorobenzene 
containing a "C isotopic label at carbon-I is treated 
with the very strong base potassium amide, a substitu- 
поп product, aniline, is formed in which the isotopic 
label is equally distributed between carbon-] and car- 
bon-2 (Fie. PI8,76). This result was interpreted as evi- 
dence for a very interesting unstable intermediate 
called benzyne. Propose a mechanism for this substitu- 
поп thal accounts for the isotopic labeling result. 
(Hint: Think about а S-elimination reaction. | 

In the conversion shown in Fig. P18.77. the 18.79 
Diels-Alder reaction is used to trap а very interesting 
intermediate by its reaction with anthracene. From the 
structure of the product, deduce the structure of the in- 
termediate. Then write a mechanism that shows how 
the intermediate 15 formed from the starting material. 18.80 
Propose a structure for ihe product A obtained in the 

following oxidation of 2.4.6-trimethyiphenol. (Com- 
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pound A is an example of a rather unstable type of 
compound called generally a quiztione ленае) 


OH 


Кә CH; 


Agi 


CH; 


Proton NMR of A: 8 1.90 (6H), 6 5.19 (2H), 66.76 
(2H ), all broad singlets. 


For the reactions given in Fig. PI8.79 (p. 886). explain 
whv different products are obtained when different 
amounts of AiBr, catalyst are used. (Hint: See Eq. 
18.83, p. 869.) 


Give a mechanism for the reaction in Fig. P18.80 
(p. 886) by showing the catalytic intermediates. 


Cl NH; 
ae м @ “ж ao и al н 
| + K*:NH. ж | -+ | + СГ 
а. Шаш МН, E. Е 
potassium NH, 
chlorobenzene amide aniline 
Labour 50% of each! 
Figure P18.76 
Br 
,60 ^C à 
= + МрВгЁ 


|-bromo-2-fluorobenzene 


triptycene 


Figure P18.77 
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18.8] Two general mechanisms (or various versions of them) (a) The metathesis reaction of cyclopentene and (&)-2- 


pentene gives three products (not counting 
stereoisomers), 2, 7-nonadiene. 2,7-decadiene, and 
3,8-undecadiene, in а ratio of [:2:1. Show how this 
result can be used to decide between the [two mech- 
anisms. {Assume that self-metathesis of (£)-2-pen- 
tene does not occur.) 


for alkene metathesis were originally considered. In 
the first (pairwise) mechanism, shown in Fig. P18.81, 
the catalyst brings about cyclobutane formation be- 
tween two alkenes. The second mechanism involves 
metallacycie formation, as shown in Eqs. 18.59a—d 
(pp. 854—855). 


CH;O 
AIBrs (3 equiv. | a 
CHCl 
i м 
CHA Q 
CH;O 
А гї (1.1 equiv.) E" 
CHCl: 
P, . чм 
CH4GC o 
Figure P18.79 
OR OR 
C C iors Grubbs GI Чик 
il CH: catalyst Ре з | 
С С + CH,;CH-— CH; 
an 
CH, CH 
Figure P18.80 
Pairwise (cyclobutarie) mechanism " H 
PCR Y 4 
с=={, 
| ; R! R 
Ko „Ии Ж. 2H T Ye 
| 4 [ Н Н | + 
Н Н p? H 
"P ee, ^ m 
H К Н R’ R- R k 
C=C 
cyclobutane Fi 
intermediate H RI 
(bi 
CH: CD, . , 
Е к CH; CH; CD, 
+ — rio У i 
"Scu scp СН; CD, CD, 
1.7-octa OG To м cyclohexene ethylene е{һү|епе-/,1-4„_ ethylene-d, 


1, 1,8,8-d, 


Figure P18.81 


(b) What result is predicted by the two mechanisms for 
the ratio of the three ethylene products in the reac- 
tion shown in Fig. PIS.5Ib? Assume that once an 
ethylene molecule is formed, it undergoes no fur- 
ther reaction. 


18.82. When vinylic boronic acids are treated with Br, and 
then with base, vinylic bromides are formed with in- 
version of configuration, as shown in Fig. P18.82a. 
But when vinylic boronic acids are treated with l in 
the presence of base, vinylic iodides are formed with 
retention ot confieuration, as shown in Fig. P18.82b. 
Suggest mechanisms that account for these results. 
(Fini: lodine does not add to double bonds, but it does 
form iodohydrins (Sec. 5.2B). Remember the stereo- 
chemistry of halogen addition. } 


18.83. Bombvkol is the mating pheromone of the female siik- 
worm moth. 


H H 
` i 
C=C 
/ \ / 
CH,CH;CH; C=C 
/ ^N 
H (CH, ОН 
bombykol 


Using the result in Problem 18.82. propose а synthes 15 
of bombykol, using both H—C==C(CH,},0H 
(10-undeeyne-|-ol} and ]-hexyne as starting materials. 


(а) P P 1) Br in HCl. R Dr 
Pea 2) NaOH с 
/ ^ 
H B(OH}, H H 
(b) R H R H 
E ў I, аон \ R 
„==. — CE 
x ‚А 
Н B(OH), H [ 


+ Kt 


=- 


H ВОР), 


Figure P18.84 


| — B(QiPr), ——» 
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15.84 Potassium tri(isopropoxy borohydride sometimes finds 
use as a source of nucleophilic Н: (hydride топ). 
K* Н — B(OiPr); 
potassium tri(isopropoxy)borohydride 
—OrPr = — OCH(CH, 


Sugeest a mechanism for the substitution reaction in 
Fig. P18.84 that accounts for the stereochemistry of 
the reaction, (Hint: See Sec. 11.7.) 


18.85 Citaprolam 15 used as an antidepressant. 


A 
SE. 


Citaprolam 


A hiologist. Heywood U. Clonum. has argued thal this 
compound could be hazardous because it could release 
toxic cyanide (TCN) and fluoride ions by nucle- 
ophilic substitution reactions with biological nucle- 
ophiles such as water. Is this argument chemically rea- 
sonable? Explain. 


+ Br + МОН), 


+ т + ШО; 


CH;CH,CH;CH, BiOrPr), 
on: , | 
C=C + K'Br + ВОР), 


E 


| 


1 е . ә a 


The Chemistry of 
Aldehydes and Ketones. 
Carbonyl-Adaition 
Reactions 


This chapter begins the study of carbonyl compounds—compounds containing the carbonyl 
group, C=O. Aldehydes, ketones, carboxylic acids, and the carboxylic acid derivatives (es- 
ters, amides, anhydrides, and acid chlorides) are all carbonyl compounds. 

This chapter focuses on the nomenclature. properties, and characteristic carbonyl-group 
reactions of aldehydes and ketones. Chapters 20 and 21 consider carboxylic acids and 
carboxylic acid derivatives, respectively. Chapter 22 deals with ionization, enolization, and 
condensation reactions, which are common to the chemistry of all classes of carbonyl 
compounds. 

Aldehydes and ketones have the following general structures: 


О О 
| m carbon) group ——=- | 
aldehyde ketone 
Examples: 
Q O 


| 
H;C—C-—H ВЕЕ — С — Нь 


acetaldehyde acetone 
(an aldehyde) (a ketone! 
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C—O e bond 


Sco ^ ind 
M (bonding т MO} 


Figure 19.1 Bonding in formaldehyde, the simplest aldehyde, is typical of bonding in aldehydes and ketones. 
The carbonyl group and the two hydrogens lie in the same plane, and both ат bond and a т bond connect the 
carbonyl carbon and oxygen.The т bond is a bonding r molecular orbital (MO) occupied by two electrons. 


In a ketone, the groups bound to the carbonyl carbon (R and R' in the preceding structures) 
are alkyl or aryl groups. In an aldehyde, at least one of the groups at the carbonyl carbon atom 
is a hydrogen, and the other may be alkyl, aryl, or a second hydrogen. 

The carbonyl carbon of a typical aldehyde or ketone is sp^-hybridized with bond angles ap- 
proximating 120". The carbon-oxygen double bond consists of a т bond and a 7 bond, much 
like the double bond of an alkene (Fig. 19.1). Just as C—O single bonds are shorter than 
C—C single bonds, C=O bonds are shorter than C=C bonds (Sec. 1.3B). The structures of 
some simple aldehydes and ketones are given in Fig. 19.2. 


t ot ot ot 
E - = P ad =P 
= 124" ||. Ж. 125: a; 
е ie : р 5 
P e A | 
as 
formaldehyde acetaldehyde acetone propene 


fa} 


(б) 


[c] 


Figure 19.2 Structures of aldehydes and ketones.(a) The structures of formaldehyde, acetaldehyde, and acetone 
are compared with the structure of propene, The C=O bonds are shorter than the C—C bond, and the carbonyl 
carbon is trigonal planar with bond angles very close to 120°. (b) A ball-and-stick model of acetone. (с) A space- 
filling model of acetone. 
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NOMENCLATURE OF ALDEHYDES AND KETONES 


A. Common Nomenclature 


Common names are almost always used for the simplest aldehydes. In common nomenclature 
the suffix aldehyde is added to a prefix that indicates the chain length. A list of prefixes is 
given in Table 19.1. 


H.C-—O H4C— СН. = CH;—CH-—OQ 
formaldehyde butyr + aldehyde = butyraldehyde 


Acetone is the common name for the simplest ketone. and benzaldehyde is the simplest aro- 


matic aldehyde. 
O 
| CH—O 
HC = G CH; 


acetone benzaldehyde 


Certain aromatic ketones are named by attaching the suffix ephenone to the appropriate prefix 
from Table 19.1. 


if i 
acet + ophenone = acetophenone benzophenone 


The common names of some ketones are constructed by citing the two groups on the car- 
bony! carbon followed by the word ketone. 


O 


со oc 


cyclohexyl phenyl ketone dicyclohexyl ketone 


ASSES Prefixes Used іп Common Nomenclature of Carbonyl Compounds < 
R— in R—CH—O R— inR—CH=0 

Prefix or R— COH Prefix or R— CO.H 

form H— isobutyr (CH.CH— - 

acet H,C—- valer CH,CH;CH,CH,— 

propion, propi* CH,CH,— isovater (CH,},CHCH,— 

butyr CH,CH,CH,— benz, benzo! Ph-— 


"Used in phenone nomenclature as discussed in the text. 
ўед in carboxylic acid nomenclature (Sec. 20.1А). 
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Simple substituted aldehydes and ketones can be named in the common system by desig- 
nating the positions of substituents with Greek letters, beginning at the position adjacent to the 


carhons! group. 


{) () 


—CH.—CH.— OH. — с — ВСН.СН.СН 


B-bromopropionaldehyde 


As sugvested by this nomenclature. a carbon adjacent to the carbonyl group is called the 
a-carhon, and the hydrogens on the ee-carbon are called a-hydrogens. 

Many common carbonyl-containing substituent groups are named by à «imple extension of 
the terminology in Table 19,1: the suffix vis added to the appropriate prefix, The following 


патех аге examples: 


Q () Q O 
| | | | 
H—UC— 526 Е — Ра — 
formyl group acetyl group propionvl group benzovl group 


Such groups are called in generat асу groups. (This is the source of the term acylation, used 
in Sec. [6.4 E. 1 To be named as an асу] group. а substituent group must he connected to the re- 


mander of the molecule at tts carbon carbon. 


Hoe Си 
И 


p-acetylbenzaldehyde 
Be careful not to confuse the Бепгеуї group, an acyl group. with the Рел? group, an alkyl 


group. The henzoyl group has an "o7 in both the name and the structure. 


Ph—C€— Ph—CT1,— 


benzoyl group benzyl group 


A great many aldehydes and ketones were well known long before any system of nomencla- 
lure existed. These are Known bs the traditional munes illustrated hy the following examples: 


є = 

jo 

4 —CH=0 
O 


cinnamaldehyde furfural acrolein 


Ph— CH=CH — GH= 4) H.C—GH— UH 4) 
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В, 


Substitutive Nomenclature 


The substitutiye name of an aldehyde is constructed from a prefix indicating the length of the 
carbon chain followed by the suffix af. The pretix is the name of the vorresponding hydrocarbon 
without the final e. 


CH,CH.CH.CH —0O 


butane ^ uf = butanal 


In numbering the carbon chain of an aldehyde. the carbonyl carbon receives the number one. 


CH.CH.CHCH=0O 


CH 


2-methylbutanal 


Note carefully the difference m chai numbering of aldehydes in common and substitutive 
nomenclature. In common nomenclature, numbering begins at the carbon edfacent to the car- 
bony] (the a-carbon?: in substiturive nomenclature. numbering begins at the carbons | carbon 
sell. 

As with dials, the final eis not dropped when the carbon cham has more than ene aldehyde 
group. 


O=CH—CH.CH-CH.CH-—CH=0O 


hexanedial 


When an aldehyde group is attached to a ring. the sutis carbofdehvde is appended to the name 
of Ihe ring. (In older literature, the suffix cerbovaddefhtyde wits used.) 


( jaso 


cyciohexanecarbaldehyde 


[n aldehydes of this type, carbon- is not the carbonyl] carbon. but rather the ring carbon 
attached to the carbonyl] group. 


ЄН, 
г «MW 

| Y—-cH—o 
Ne. / 


2-methylcyclohexanecarbaldehyde 


The name benzaldehyde (Sec. 19.1 AJ is used in both common and substitutiye nomenclature. 

A ketone is named by giving the hydrocarbon name of the longest carbon chain containing 
the carbonyl group. dropping the tinal е, and adding the suffix оле. The position of tbe car- 
bony] group is given the lowest possible number, 
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О 


| 
H,C—CH;—CH;—C—CH; 


five-carbon chain: pentane + one = pentanone 
position of carbonyl: 2-pentanone 


O Q 


Ж CH; 


cyclohexane + one = cyclohexanone | 
3,3-dimethylcyclohexanone 


As with diols and dialdehydes, the final e of the hydrocarbon name is not dropped in the 
nomenclature of diones, triones, and so on. 


| | 
H,C—C—CH,—C—CH,—CH, 


six-carbon chain: hexane + dione = hexanedione 
positions of carbonyls: 2,4-hexanedione 


Aldehyde and ketone carbony! groups receive higher priority than —-OH or —SH groups 
for citation as principal groups (Sec. 8.1B). 


Priority for citation as principal group: 


| | 
—CH (aldehyde) > —C—(ketone) > —OH > —5H (19.1) 


Provide a substitutive name for the following compound. (The numbers are used in the solution 
that follows.) 


DT 
HjC—6— Gh — C—O De 0н, 


C 
HG б xch, 


Solution To name this compound. use the nomenclature rules in Sec. 8.1B. First, identify the 
principal group. Possible candidates are the carbonyl group at carbon-2 and the hydroxy group at 
carbon-4. Because ketones have a higher citation priority than hydroxy groups (Eq. 19.1), the 
compound is named as a ketone with the suffix one. Next, identify the principal chain. This is the 
longest carbon chain containing the principal group and the greatest number of double and triple 
bonds. This chain (numbered in the preceding structure) contains seven carbons. Notice that 

the longer carbon chain within the molecule is not the principal chain because the presence of 
douhle bonds takes precedence over length. Hence, tbe compound is named as a heptenone 

with hydroxy, methyl, and propyl substituents cited in alphabetical order. Finally, number the 
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principal chain. Number from the end of the chain so that the principal group—the carbonyl 
group—receives the lowest possible number. Thus, the carbonyl carbon is carbon-2, the hydroxy 
carbon is carbon-4, the carbon bearing the propyl group is carbon-5, and the first alkene carbon 15 
carbon-6 (see numbering in the preceding structure). Cite the substituent groups in alphabetical 
order. The name is therefore: 


4-hydroxy-6-methyl-5-propyl-6-hepten-2-one 


positon of 
positions of carbonyl carbon 
substituent groups osition of 
double bond 


When a ketone carbonyl group is treated as a substituent, its position 1s designated by the 
term охо. 


| Q 


| 


principal group: aldehyde carbonyl 
name: 4-oxopentanal 


p M | 
SER [9.1 Give the structure for each of the following compounds. 
(2) isobutryaldehyde (b) valerophenone 


{с} o-bromoacetophenone (4) y-chlorobutyraldehyde 
(e) 3-hydroxy-2-butanone (0) 4-(2-chlorobutyryDbenzaldehyde 
(g) 3-cyclohexenone (h) 2-oxocyclopentanecarbaidehvde 
19.2 Give the substitutive name for each of the following compounds. 
(а) acetone (b)diisopropyl ketone ic) O n 
уссен =н: 


(9) Сн là (e) CH-—O (0 О 


PHYSICAL PROPERTIES OF ALDEHYDES AND KETONES 


Most simple aldehydes and ketones are liquids. However, formaldehyde is a gas, and 
acetaldehyde has a boiling point (20.8 °С) very near room temperature, although it is usually 
sold as a liquid. 

Aldehydes and ketones are polar molecules because of their C—O bond dipoles. The 
charge separation that results from this dipole is evident in the EPMs of aldehydes and 
ketones, illustrated here for acetone. 
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bond dipole | 
of the C=O bond CPM of acetone 


Because of their polarities, aldehydes and ketones have higher hoiling points than alkenes or 
alkanes with similar molecular masses and shapes. But because aldehydes and ketones are not 
hydrogen-bond donors, their hoiling points ure considerably lower than those of the core- 
sponding aleohals. 


CH CH=CH, CH.CH=O (H3CH OH 


boiling peint 474 7C WAC 78a 7C 
dipole moment 0.4 D aA It |21) 
и Q OF] 
a C CH 
"T dub n m di xu І 
Нұ CH; H«C CII, HC CH, 
boiling point 5:971, 36.5 СА 82.3 (7 
dipole momeni 0,5 [Y IFD NEL 


Aldehydes and ketones with four or fewer carbons have considerable solubilities in water 
hecause they can accept hydrogen bonds from water at the carbonyl oxygen. 


т 


HO—H. H—OH 
“CH 
| 


П.С СН, 


Acetaldehyde and acetone are miscible with water (hat is. soluble in all proportions. The 
water solubility of aldehydes and ketones along a series diminishes rapidly with Increasing 
molecular mass. 

Acetone und 2-bulanone are especially valued as solvents because they dissolve not only 
water hut also a wide variety of organic compounds. These solvents have sufficiently low boil- 
ing points that they can be easily separated from other less volatile compounds. Acetone. with 
à dielectric constant of 2), is a polar aprotic solvent and 1s often used as a solvent or co-sol- 
vent far nucleophilic substitution reactions. 


SPECTROSCOPY OF ALDEHYDES AND KETONES 


A. IR Spectroscopy 


The principal infrared absorption of aldehydes and ketones is the C—O stretching absorption. 
a strong absorption that occurs in the vicinity of 1700 сїт! In fact. this is one of the most im- 
portant of all infrared absorptions. Because the C=O bond is stronger than the C=C hond, 
the stretching Frequency of the C—O bond is greater. 
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| 


wavelength, micrometers 


2A ОА d E. + 4.5 м зя А F K 4 IB 1] [1 13 |4 Ies 
100 | i 

= 80 

E st) 

= 40 ; 

5 stretch 

"i =~ 

E 20 = (—() = = 

с“ stretch CH;CH,CH,CH=O 
ЗОО 3400 3000. 2600 2200 2000. 1800. 1600 [400 1200. Loan An] О! 


wavenumber, cen | 


Figure 19.3 The infrared spectrum of butyraldehyde with key absorptions indicated in red, 


The position of the C=O stretching absorption varies predictably for different types of 
carbonyl compounds. It generally occurs at 1710-1715 em?! for simple ketones and at 
1720-1725 cm ^ for simple aldehydes. The carbonyl absorption is clearly evident, for 
example, m the IR spectrum of bulyraldehs de (Fig. 19.3). The stretching absorption of the car- 
bony hydrogen bond of aldehydes near 2710 em! is another characterisue absorption: how- 
ever, NMR spectroscopy provides a more rehable way to diagnose the presence of this type af 
hydrogen (Sec, 19.3B}. 

Compounds in which the carbonyl group is conjugated with aromate rings. double bonds. 
or triple bonds have lower carbonyl stretching frequencies than unconjugated carbonyl com- 
pounds. 


() С) 


ССН.  H;C—CH—C—CH, compare: H;C—CHCIHI-CH;. НС —C СИ, 


acetophenone 


1685 cm ^. 


I600 cm! 


3-buten-2-one | -hutene 2-hutanone 
1670 cm! — 1715 ет. 
Jól стт! 1642 cm ^! = 


[19.21 


The carbon-carhon double-bond stretching trequencetes are also lower in the conjugated mol- 
ecules. These effects can be explained by the resonance structures for these compounds. Be- 
cause the C==O and C=C bonds have some single-bond character. as indicated by the fol- 
lowing resonanege structures. they are somewhat weaker than ordinary double bonds. and 
therefore absorb in the IR at lower frequency. 
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single-bond 
character 


TET S162 
PN 1-2 А РА “|, 
H.C-CHo-C— CH, -——-  H,C--CH—C—UH; 


TEET 


In cyelig ketones with rings containing fewer than six carbons, the carbonyl absorption Ire- 
quency increases significantly as the ring size decreases, (See Further Exploration. 19.1.) 


2 
Further Exploration 19.1 "» | | Y 
IR Absorptions of 
& o О 


Cyclic Ketones Q HU 
cyclohexanone — cyclopentanone — cyclobutanone — cyclopropanone ketene 
1715 т) 1745 cm ^! 1780 cm 7! БЕШЛИ MEISTE 


I nermali 
119.43 


РКОВІЕМ ; - : des is 
19.3 Explain how IR spectra could be used to differentiate the isomers within each of the 


following pairs. 
(a) cyclohexanone and hexanal (Б) 3-cyclohexenone and 2-cyclohexenone 
(с) 2-butanone and 3-buten-2-ol 


B. Proton NMR Spectroscopy 


The characteristic NMR absorption common to both aldehydes and ketones is that of the pro- 
tons on the carbons adjacent to the carbonyl group: the e-protons. This absorption is in the 
8 2.0—2.5 region of the spectrum (see also Fig. 13.3 on p. 3801. This absorption is slightly Far- 
ther downfield than the absorptions of allylic protons because the C=O group is more eleg- 
tronegative than the C=C group. In addition, the absorption of the aldehydic proton is quite 
distinctive. occurring in the 89-10 region of the NMR spectrum, at lower field than most other 
NMR absorptions. 


a-protons a-protons ddehvaic 
Ё | Fat ^ її b pri Mi Hi 15 | { | i | 
© А K | А E 
H;C—C——CH H,C—C—CH,— CH, H.C—C—H 
б еа у) Ü 2.17 0.2.15 à 2,40) ё (oY D 2.7 г Ns 


In general, aldehydic protons have very large chemical shifts. The explanation ts the same ах 
that for the large chemical shifts of protons on a carbon-carbon double bond (Sec. F3, 7A Y. 
However, the carbonyl group has a greater effect on chemical shift than a carbon: carbon don- 
ble bond because of the electrenegatistty of the carbons oxygen. 
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chemical shift, Hz 
2400 A100 1800 1500 1200 900 600 300 0 Hz 


à 9.65 
(off scale) 
IH 


8 "s Б ооо MESS" а 3 0 


chemical shift, ppm (6) 


Гы 


Figure 19.4 The NMR spectrum for Problem 19.4(a). The relative integrals are indicated in red over their 
respective resonances. 


PROBLEM | ee 
19.4 Deduce the structures of the following compounds. 


(a) C,H,O: IR 1720, 2710 стг! 
NMR in Fig. 19.4 

(b) C,H4,O: IR 1717 cm~’ 

NMR 60.95 (3H, t, J = 8 Hz); 82.03 (3H, 5); 6 2.38 (2H, q, J = 8 Hz) 

(с) A compound with molecular mass = 70.1, IR absorption at 1780-cm '', and the 
following NMR spectrum: 6 2.01 (quintuplet. J = 7 Hz); 6 3.09 (t, J = 7 Hz). The inte- 
gral of the 6 3.09 resonance is twice as large as that of the 6 2.01 resonance. 

(d) C,,H,,O,: IR 1690 em", 1612 cm™! 

NMR 8 L4 (3H, t, J = 8 Hz); 62.5 (3H. sy; 64.1 (2H, 4, J = 8 Hz); 66.9 (2H, d, 
J = 9 Hz): 67.9 (2H, d, J = 9 Hz) 


C. Carbon NMR Spectroscopy 


The most characteristic absorption of aldehydes and ketones in "C NMR spectroscopy is that 
of the carbonyl carbon, which occurs typically in the 6 190-220 range (see Fig. 13.20, p. 624). 
This large downfield shift is due to the induced electron circulation in the 7 bond, as in alkenes 
(Fig. 13.14, p. 613), and to the additional chemical-shift effect of the electronegative carbonyl 
oxygen. Because the carbonyl carbon of a ketone bears no hydrogens, its "C NMR absorp- 
tion, like that of other quaternary carbons, is characteristically rather weak (Sec. 13.9). This 
effect is evident in the ^C NMR spectrum of propiophenone (Fig. 19.5). 

The а-сагбоп absorptions of aldehydes and ketones show modest downfield shifts, 
typically in the à 30-50 range, with, as usual, greater shifts for more branched carhons. The 
a-carbon shift of propiophenone, 31.7 ppm (Fig. 19.5, carbon 5) is typical. Because shifts in 
this range are also observed for other functional groups, these absorptions are less useful than 
the carbonyl carbon resonances for identifying aldehydes and ketones. 
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(offset) 


д 200.1 


200 190 180 170 160 150 140 150 120 110 100 90 80 70 60 50 40 30 20 10 0 
chemical shift, ppm (8) 


Figure 19.5 The "C NMR spectrum of propiophenone.Two particularly important features of the spectrum are 
the large downfield shift of the carbonyl carbon g,and the small resonances for the two carbons (f and g) that bear 
no protons. Recall from Sec. 13.9 that absorption intensities іп ^C NMR spectra generally do not accurately corre- 
spond to numbers of carbons, and quaternary carbons generally have considerably weaker absorptions than pro- 
ton-bearing carbons. 


PROBLEMS - 
19,5 Propose a structure for a compound C,H,,0 that has IR absorption at 1705 cm™', no proton 
NMR absorption at a chemical shift greater than 6 3, and the following °C NMR spectrum: 


6 24.4, 8 26.5. 6 44.2, and 6 212.6. The resonances at 6 44.2 and 8 212.6 have very low in- 
tensity. 

196 The "C NMR spectrum of 2-ethylbutanal consists of the following absorptions: 5 11.5, 
6 21.7, 6 55.2, and 6 204.7. Draw the structure of this aldehyde, label each chemically non- 
equivalent set of carhons, and assign each absorption to the appropriate carbon(s). 


D. UV Spectroscopy 


The т» 7* absorptions (Sec. 15.2B) of unconjugated aldehydes and ketones occur at about 
150 nm, a wavelength well below the operating range of common UV spectrometers. Simple 
aldehydes and ketones also have another. much weaker, absorption at higher wavelength. in 
the 260—290 nm region. This absorption is caused by excitation of the unshared electrons on 
oxygen (sometimes called the п electrons). This high-wavelength absorption is usually re- 
ferred to as an n — m” absorption. 


(CHj;C—O п а тк 271 ат (є = 16) (in ethanol) 


| 


n electrons 


This absorption is easily distinguished from a m — 7* absorption because it is only 107° to 
107° times as strong. However, it is strong enough that aldehydes and ketones cannot be used 
as solvents for UV spectroscopy. 


900 


CHAPTER 19 * THE CHEMISTRY OF ALDEHYDES AND KETONES. CARBONYL-ADDITION REACTIONS 


| 


— — фа — À ER e d parl dai 
| | 
ares ee i-a | ae + ——— EI | 
| | 
indi) СЕГЕ . a 


absorbance 
c 
Ln 


0 | — 
200 220 240 260 280 300 320 340 350 


wavelength (А), nm 


Figure 19.6 The ultraviolet spectrum of 1-acetylcyclohexene [1-(cyclohexen- 1-yl)ethanone] in methanol. The 
spectrum of a more concentrated solution (red) reveals the "forbidden" n — 7* absorption, which is so weak that 
itis not apparent in the spectrum taken on a more dilute solution (black). 


Like conjugated dienes, the 7 electrons of compounds in which carbonyl groups are con- 
jugated with double or triple bonds have strong absorption in the UV spectrum. The spectrum 
of l-acetylcyclohexene (Fig. 19.6) is typical. The 232-nm peak is due to light absorption by 
the conjugated zr-electron system and is thus a т — 77* absorption. It has a very large extinc- 
tion coefficient, much like that of a conjugated diene. The weak 308-nm absorption is an n -= 
7* absorption. 


Атах = 232 nm (є = 13,200) 
308 nm (e = 150) 
(in methanol) 


conjugated 
7-clectron system 


Amax 


1-acetylcyclohexene 
[1-(cyclohexen-1-yl)ethanone] 


The Anas Of a conjugated aldehyde or ketone is governed by the same variables that affect 
the À „a values of conjugated dienes: the number of conjugated double bonds, substitution on 


the double bond. and so on. When an aromatic ring is conjugated with a carbonyl group. the 
typical aromatic absorptions are more intense and shifted to higher wavelengths than those of 


benzene. 
Q 
Атах = 204 (є = 7900) Атах = 240 (є = 13,000) 
254 (€ 212) 278 (e = 1100) 


319 (e = 50) {n —™ T) 
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The 7 = z* absorptions of conjugated carbonyl compounds. like those of conjugated 
alkenes. arise from the promotion of a s electron from a bonding to an antibonding (77) mol- 
сешаг orbital (Sec. 15.28). Ana т absorption arises from promotion of one of the atun- 
shared} electrons on a carbonyl oxygen to a зт molecular orbital. As stated previously in this 
section. п т“ absorptions are weak, Spectroscopists sav that these absorptions are forbid- 
den, This term refers to certain physical reasons for the very low intensity. of these absorp- 
ions. The 254-nm absorption of benzene, which has а very low extinction coefficient of 217. 
is another example of à "Forbidden" absorption. 


POGLED 19.7 Explain how the compounds within each set can be disunguished using omiy UY 


spectroscopy. 
(a) 2-cyc EN and 3-cyclohexenone 


(b) 


(c) I-phenyl-2-propanone and p-methylacetophenone 

19,8 In neutral alcohol solution, the UV spectra of p-hydroxvacetophenone and p-methoxy- 
acetophenone are virtually identical. When NaOH ts added to the solution, the А, of p-hy- 
droxyacetophenone increases by about 50 nm. but that of p-methoxyacetophenone is unat- 
fected. Explain these observations. 

19.9 dre one of the following compounds should have а m — г UM absorption at the greater 

when the compound is dissolved in NaOH solution? Explain. 


HO 


А ах 


CH,0 CH=0 


isovanillin 
Ii 


E. Mass Spectrometry 


Important fragmentations of aldehydes and Ketones are illustrated by the electron-inpact (ET) 
muss spectrum of S-methylT-2-hexanone (Fie. 19.7, p. 902). The three most important peaks 
occur атн с T 71. 58, and 43. The peaks ш лур — 7|) and m/z - 43 arise from cleavage of 
the molecular ion at the bond between the carbonyl group and an adjacent curbon atom by two 
mechanisms that were discussed in Sec. 12.60: ийне cleavage and a-cfleavage. Inductive 
cleavage accounts for the mmz = 71 peak. In this cleavage. the alkyl fragment carries the 
charge and the varbonsy] fragment carries the unpaired electron. 


inductive 
cleavage 


+ t 
iO: 10i 
| - ro | 
HiSCHCH-CH;—Ct—CH; -——  (CH,CHCILCH;—C—CH,| —- 


molecular iin from dass of unshared electron 


+ 
(CH CHCHLCIL F*C—CH,.— 119.51 


nre el 
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Figure 19.7 The El mass spectrum of 5 methyt-2-hexanane. The odd-electron ion at mez — 58 results from а 
McLafferty rearrangement of the molecular ton. 


a-Cleavage accounts for the атс = 43 peak. In this case the same molecular ion undergoes 
fragmentation in such a wis that the carbonyl fragment carries the charge and the alks1 trug- 
menl carries the unpaired electron: 


is 


O a-cleavage 
„| 


(CH ):CHCH;CH;^ ССИ, ——»- (CH -CHCILCH, + 20; 


Ii /z 


CH; 
13 


9.6 


An analogous cleavage at the carhon-hydrogsen bond accounts for the fact that many alde- 
hvdes show a strong M — | peak. 

Whal accounts for the ifs = 58 peak? A common mechanism for the formation of odd- 
electron ions is hydrogen transfer followed by loss of à stable neutral molecule (p. 564. 1n this 
case, the oxygen radical in the molecular ton abstracts a hydrogen atom trom a carbon fire 
ORIS wav, and the resulting radical then undergoes a-cleavage. 


McLafferty 
rearrangement 


Н. 
+ м А + T 
a JC an » CCICH «| bu ier 
| | : 
289 Nd ACH: —- H C. pe CH: — jik M * CH. [19.71 
CH, CH, CH: 
hydrogen transter a-cleavage Hlc 58 


If we count the hydrogen that is transferred, the first step occurs through a transient six-men- 
bered ring. This process is called а MecLaflerty rearrangement, alter Protessor Fred MeLal- 
ferty of Corneli University. who investigated this type of tragmentation extensively. The 
MeLatterty rearrangement and subsequent a-cleavage constilule а common mechanism tor 
the production of odd-eleetron fragment ions in the mass spectrometry of carbonyl com- 
pounds. 

As illustrated by Fig. 19.7, the EL mass spectra of many aldehydes and ketones have weak 
molecular tons. because relatively stable fragment tons сап be formed. However. as we Ti learn 
in Sec. 19.6. the carbons] oxvgen can be protonated. As a result; chemical-ionizatton {СЇ} 
Tiss spectra (See. 16D) of aldehydes and ketones show very strong M + dE ions. from which 
accurate molecular masses can be determined. 


PROBLEMS 


SYNTHESIS OF ALDEHYDES AND KETONES 


INTRODUCTION TO ALDEHYDE AND KETONE REACTIONS 
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19.10 Explun each of the following observations resulting from а comparison of the mass spectra 
of 2-hexanone £A) and 3,3-dimethyl-2-butanone (B). 
(a) The m/z = 57 fragment peak is much more intense in the spectrum of B than it is in the 
spectrum of A. 
(b) The spectrum of compound A shows a fragment at m/z = 58, bet ibat of compound В 
does not. 


19.11 Using only mass spectrometry, how would vou distinguish 2-heptanone from 
3-heptanone? 


several reactions presented in presious chapters can be used for the preparation of aldehydes 
and ketones. The four most important of these are: 


|. Oxidation of alcohols (Sees. 10,бА and 17.5ÀA). Primary alcohols can be oxidized to 
aldehydes, and secondary alcohols ean be oxidized lo ketones. 

2. Friedei-Crafts acylation (See. 1647), This reaction provides a way to synthesize aryl 
ketones. Ht also involves the formation of a carbon-carbon bond, the bond between the 
arl ring and the carbonyi group. 

3. Hydration of alkynes (Sec. 145A) 

4+. Hydroboration-oxidátion of alkynes (Sec. 14.58) 


Two other reactions have been discussed that give aldehydes or ketones as products, but 
these are Jess Important as synthetig methods: 


1. Ovonalysis of alkenes (Sec. 5.5) 
2. Periodate cleavage of glycols (Sec. 11.5В) 


Ozonolysts and periodate cleavage ure reactions that break carbon-carbon bonds. Because 
an important aspect of organic synthesis i8 the текне of carbon-carbon bonds, use of these 
reactions in effect wastes some of the effort that goes into making the alkene or glycol start- 
ing materials. Nevertheless. these reactions сап be used synthetically in certain cases, 

Other important methods of preparing aldehydes and ketones start with carboxylic acid de- 
rivatives; these methods are discussed in Chapter 21. Appendix V. gives a summary of all of the 
synthetic methods for aldehydes and ketones. arranged in the order in which they appear in the 
text. 


The reactions of aldehydes und ketones can be grouped into уо categories: 11) reactions of 
the carbony] group, which are considered in this chapter, and (2) reactions involving the e- 
carbon, «hich are presented in Chapter 22. 

The great preponderance of carbonyl-group reactions of aldehydes and ketones fall into 


three categories: 


|. Reactions with acids. The carbonyl oxygen is weakly basic and thus reacts with Lewis 
and Bronsted acids. With Е? as a general electrophile, this reaction can be represented 
as follows: 
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P 
ГИ: и Т (19,81 
pom -—— UC. 


Carbonyl basicity is important because it plays а role in several other carhony]-group 
reac LON. 

2, Addition reactions, The most important. carbonyT-greup reaction is addition to. the 
С=О double bond. With E— Y symbolizing a general reagent. addition can be 
represented in the following wav: 


OM 9 — | 
l | 
p - E—Y — —6— (19,0, 
Y 


sSuperficially, carbonyl addition p analogous to alkene addition (Sec. 4.0). 

Mam reactions of üldelivdes and ketones are simple additions that conform exactly 
to the model in Eg. 19.9. Others are multistep processes in which addition is followed 
by other reactions, 

А. Oxidation of aldehydes, Aldehydes van be oxidized to carboxylic acids: 


(7) О) 


| ТАДА» | 


„Н = OE ИАЦ 


BASICITY OF ALDEHYDES AND KETONES 


Aldehvdes und ketones are weakly. basic and react al the carbonyl oxygen with protons or 
Lewis acids. 


(О: tO —H :Q—H 
H4O* Р = 3 | н, 
3 i p -X— — pow -— —H- ps + HX 119,11) 
ТЕЗ ЄН, НС ЄН; tee egi 
conjugate acid of acetone 
acetone pA, Alo 7 


As Eq. 19.11 shows, the conjugate acid of an aldehyde or ketone 1s resonance-stabilized. The 
resonance structure on the right shows that the protonated carbon | compound has carbocation 
character. In fact, in some салем. the conjugate acids of aldehydes and ketones undergo typi- 
val carbocation reactions, 

The conjugate acids of aldehydes and ketones сал be viewed as a-Ave/roxy carbocations, Ir 
we conceptually replace the acidic proton in à protonated aldehyde or ketone with an ау! 
group, we get an ac-aKoxv carbocatten. 
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x | a + TN 
OE Tel :Ok OR 
S ETT ч 

conjugate acid of acetone (an a-alkoxy carbocation) 


(an a-hydroxy carbocation) 


a-Hydroxy carbocations and a-alkoxy carbocations are considerably more stable than 
ordinary carbocations. For example, a comparably substituted a@-alkoxy carbocation is about 
100 kJ mol"! (24 kcal mol™') more stable than an ordinary tertiary carbocation in the gas 


phase. 
НО CH, CH;O CH; 
"t 15 much more stable than HuC— CH —C* (19.12) 
CH; CH, 


An a-alkoxy carbocation, like a protonated aldehyde or ketone, owes its stability to the reso- 
nance interaction of the electron-deficient carbon with the neighboring oxygen. which, as we 
learned in Sec. 15.4B, corresponds to the formation of bonding molecular orbitals, This 
resonance effect far outweighs the electron-attracting polar effect of the oxygen, which, by 
itself, would destabilize the carbocation. 


Study Problem 19.2 


Many 1,2-diols, under the acidic conditions used for dehydration of alcohols, undergo a reaction 
called the pinacol rearrangement: 


OH OH CH, О 
mw c сон, Pt Bh 66H V HI (19.13) 
CH; CH, CH, 
2,3-dimethyl-2,3-butanediol 3,3-dimethyl-2-butanone 
(pinacol) (pinacolone) | 
(65-72% yield) 


Propose a curved-arrow mechanism for this reaction, and explain why the rearrangement step is 
energetically favorable. | 


Solution First, analyze the connectivity changes that take place. A methyl group shifts to an 
adjacent carbon, and one of the —OH groups is lost as water. The fact that a rearrangement oc- 
curs suggests a carbocation intermediate; such a carbocation can be generated (as in the dehydra- 
tion of any alcohol) by protonation of an — OH group and loss of H-O: 


+ fu y | 
H,O--H/:6H OH H—GH OH OH 
V BEY] wow M ^ 
H,C—C—C—CH, ==> Hcc qp p PR Pm MD Ir ш. (19.142) 
CH, CH; CH, CH, CH, CH; 
+ HO 


The rearrangement can now take place. The product of the rearrangement is an a-hydroxy carbo- 
+ ш ж LI LI т Ре E 
cation, which, as we have seen, is the same thing as the conjugate acid of a ketone. 


Cu e -—e—M —m— ы С 
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:ОН CH; cH CH; qu 

е 

H,c—C——C—cCH, — |HiC—C——C—CH, 4«——»- H,C—C——C—CH;| (19.14) 
|= | У | 


CH, CH. CH; CH; 


both an a-hydroxy carbocation and 
a ketone conjugate acid 


You've just learned that such carbocations are especially stable, a fact indicated by their resonance 
structures. Thus, the rearrangement step is favorable because the a-hydroxy carbocation is more 
stable than the tertiary carbocation. The second resonance structure in Eg. 19.14b shows that the 
a-hydroxy carbocation is also the conjugate acid of the ketone. Removal of a proton from the 
carbonyl oxygen gives the product. 


сн one :ОН, сн :О: 
Hii Oeo <> H,C—C—C—CH, + H,6* (19140) 
CH, CH: 


Aldehydes and ketones in solution are considerably less basic than alcohols (Sec. 8.7). In 
other words, their conjugate acids are more acidic than those of alcohols. 


*O—H 
bs | 
Re зш о р 
рКа = —2.5 рб = 7 


Because protonated aldehydes and ketones аге resonance-stabilized and protonated alcohols 
are not, we might have expected protonated carbonyl compounds to be more stable relative to 
their conjugate bases and therefore /ess acidic. The relative acidity of protonated alcohols and 
carbonyl compounds is an example of a solvent effect. In the gas phase, aldehydes and ke- 
tones are indeed more basic than alcohols. In solution, the solvation of a protonated alcohol 
by hydrogen bonding is evidently so effective that it outweighs the resonance stabilization of 
a protonated aldehyde or ketone. 


P LEM AMT. “ж 
ite я 19.12 (a) Write an Syl mechanism for the solvolysis of CH,OCH,CI [tchloromethoxy)methane] 
in ethanol; draw appropriate resonance structures for the carbocation intermediate. 


(b) Explain why the alkyl halide in part (а) undergoes solvolysis much more rapidly than 1- 
chlorobutane. (In fact, it reacts in ethanol more than 100 times more rapidly.) 
19.13 Predict the product when each of the following diols undergoes the pinacol rearrangement. 
(а) HO OH (b HO OH (e) HO OH 


| 
X Ж Segre 
CH; Ph Ph 


19.14 Use resonance arguments to explain why 
(a) p-methoxybenzaldehyde is more basic than p-nitrabenzaldehyde. 
(b) 3-buten-2-one is more basic than 2-butanone. 
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REVERSIBLE ADDITION REACTIONS 
F ALDEHYDES AND KETONES 


One of the most typical reactions of aldehydes and ketones is addition to the carbon- 
oxvgen double bond. To begin with, let's focus on two simple addition reactions: addition of 
hydrogen cyanide (HON) and hydration taddition of water). 


Addition of HON: 


с) OH 
| pH 9- 10 | 
acetone ( —N 


acetone cyanohydrin 
ifr тоъ) 


The product of HCN addition to an aldehyde or ketone is called a cyanohydrin. Cvanohydrins 
constitute a special elass of aifrifes (organic суап? (The chemistry of nitriles is discussed 
in Chapter 21.) The preparation of eyanohydrins is another method of forming earbon-carbon 


bonis. 


Addition of water i livdration): 


О) OH 
| | 
H,C—C—II + = ж но-с—н (19.16) 
| 
acetaldehyde OH 


acetaldehyde hydrate 


The product of water addition to an aldehyde or ketone is called à hydrate, or gew-diol. (The 
prefix gen stands for geminal from the Latin word for twin, and is used in chemistry when 
Iwo епс groups are present on the same garbon. } 

[n all carbonyl-addition reactions. the more electropositive species Пот example. the hydro- 
gen af H— CN or H— OH adds to the varbonyl oxygen, and the more electronegative species 
(for example, the — CN or the — OH? adds to the carbonyl carbon. 


A. Mechanisms of Carbonyl-Addition Reactions 


Caurbonyl-addition reactions occur by to general types of mechanisms, The first mechanism, 
called nucleophilic carbonyl addition, involves the reaction of à nucleophile at the carbonyl 
carbon. In cyanohydrin formation (Eg. 19.15), the nucleophile is cyanide ion, which is formed 
by the ionization of HCN: 


H—ON 3 TOH = CUEN 1 BO 19. тан 
Pec cyanide ion 

Cyanide ion donates electrons to the carbonyl carbon of the aldehyde or ketone, and the car- 
henyl oxygen accepts the displaced electron pair and assumes a negative charge. We can think 
of this process in the same way that we think of nucleophile reactions at saturated carbon 
atoms (Sec. 44B} The eiectrophile is the carbonyl] carbon, and the “leaving group" is one of 
the two carbon-oxygen bonds of the varbonyt group. Because the other carbon-ox ygen bond 
remains intact, the "leaving group” doesn't actually leave. 
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STUDY GUIDE LINK 19.1 
Why Nucleophiles 
React at the Carbonyl 
Carbon 


| one carbon-oxygen bond 


mm 


О: serves as the "leaving group" (X 
| electrophile —— I^ [zr _ | _ 
T NO T pe! WR MCN — = nucleophile| жя” Н ССН, TENET 
Vea. CN 


an Кокте ion. and 


o complete the nucleophilie addition, the negatively charged ox vger 
1o complete the nucieophilie addit (he negatively charged oxygen 
arelalivel¥ strong base is protonated by cither water or НСМ, 


«жє С "a „а 
HT oJ J —— CN (ЭН 
| | 
CEO CH, =”  HQUC—G— CH, ( CN (UL ET) 
| : 
CN UN 


The nucleophilic carbonvl-uddition mechanism finds no analogy in additions to ordinary 
carbon-carbon double bonds. Yet. nucleophilie carbonyl addition occurs even though the car- 
bon-oxygen m bond is 62 KJ mol! (18 keal mol) stronger than the carbon-carbhon тг bond 
of un alkene. The stronger bond is more reactive because the unshared electron pair cand neg- 
ative charge formed in the carbons addition mechanism ts transferred loa very electronega- 
tive atom. oxygen. The same reaction of an alkene woukl place an unshared pair and negative 
charge on a carbon. a much Jess electronegative stom. 


additional unshared pair and unshared pair and 
negative charge on oxvgen negative charge on carbon 
| ' 
B il oe 


SCN CN UN UON 


obsen ed not observed with 
ordinarv alkenes 


The reaction of a nucleophile with the carbonyl group. then. is driven by the ability of oxygen 
lo accept the unshared electron pair. For this reason. a nucleophile cannot add to the carbon» Í 
oxygen. меер тех always react witht carbonyl group at the carbonyl carbon. 

The geometry of nucleophilic addition and the reason for it are shown in Fig. 19.8, The cur- 
bonyi group and the two atoms bound to the carbonyl carbon define a reference plane. The nu- 
ссоре approaches the carbonyl carbon from above or below this plane. as shown in Lig. 
19.84. As и result of this reaction. the carbonyl carbon changes hybridization from ap? to ap 
the oxygen accepts an electron рат, and the geometry at the carbonyl carbon changes from trig- 
onal planar to tetrahedral. [п other words. the angle between the bonds to the carbons E carbon, 
initially about 120^, compresses ro about 1097, the tetrahedral angle. As a result of the reaction, 
then, the groups bound tothe carbons | carbon become closer together, 

The reason for the addition geometry is similar to the reason for backside substitution in the 
S. 2 reactions of alkyl halides (Sec. 94C. Fig. 9,3). The curved-arrow notatio: might convey 
the impression that the nucleophile reacts at the m bond, However, the bonding a molecular 
orbital of the carbons | eroup (Fig. 19.1) is fully occupied with two electrons and cannot av- 
commoadate any more electrons, The electron pair of the nucleophile interacts instead with the 
uneccuptied MO of lowest energy (LUMO). which. in the case of the carbons] group. is the an- 
thonding 77? molecular orbital. This MO is shown in Fig, 19.8b. This MO has lobes above and 
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Figure 19.8 (a) The geometry of nucleophilic reaction with the carbonyl carbon of formaldehyde, with the nu- 
cleophile represented by Мис: . The reference plane (gray) is the plane defined by the carbonyl group and the 
atoms attached to the carbonyl carbon. The nucleophile approaches this carbon from above or below this plane. 
As a result, the carbonyl carbon changes hybridization from sp* to sp*, the bond angles at the carbonyl carbon 
compress from 120° to 109°, and the groups attached to the carbonyl carbon move as shown by the green arrows. 
(b) The interaction of a nucleophile with the z* antibonding MO of formaldehyde. The lobes of this MO are con- 
centrated above and below the plane of the molecule.The interaction of the nucleophile with this MO defines the 
direction of nücleophtilic approach to the carbonyl carbon. 


below the reference plane. The nucleophile, then, must begin its bonding interaction with the 
carbonyl carbon from the direction along which the LUMO is concentrated, as shown in 
Fig. 19.8a. 

When the antibonding 7* MO is filled, even with electrons from another molecule, the 
C=O т bond is weakened. (Remember that when an antibonding molecular orbital is popu- 
lated, the energetic advantage of bonding disappears.) This is the reason that the zr bond 
breaks. The energetic “trade-off” for loss of this bonding is formation of the new bond to the 
nucleophile. 

The second mechanism for carbonyl addition occurs under acidic conditions and is closely 
analogous to the mechanism for the addition of acids to alkenes (Secs. 4.7 апа 4.9B). Acid- 
catalyzed hydration of aldehydes and ketones (Eq. 19.16) is an example of this mechanism. 
The first step in hydration is protonation of the earbonyl oxygen (Sec. 19.6). 


Ё 


LE + 
y H — OH: mre 
| А 
= —»- 7 b. 
pw d ааг mi „См. + OH; (19.183) 
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| PROBLEMS 


A positively charged oxygen attracts electrons even more strongly than the oxygen of an un- 
protonated carbonyl group. In other words. the protonated carbonyl] compound is à much 
stronger Lewis acid (electron acceptor) than an unprotonated carbonyl compound. As a result. 
even the relatively weak base H,O can react at the carbonyl carbon. Loss of a proton to solvent 
completes the reaction. 


+ - АА 
:O—H ii ОН 
e: SEN avro NN i 
2С OH, ==> e /= == H,C—C—H + НО: (09.85) 
Ren A 7 e | 
:— H : OH 
[V x 
H 


Hydration of aldehydes and ketones also occurs in neutral and basic solution (Prob- 
lem 19,15). 

The direction of approach of the nucleophile to the protonated carbonyl group is the same 
as it is for approach to the unprotonated carbonyl group (Fig. 19.8)—from above or below the 
reference plane. This is explained by the shape of the LUMO of the protonated carbonyl 
group. which is very similar to the shape of the LUMO of the carbonyl group itself. 


19.15 (a) Write a curved-arrow mechanism for the hydroxide-catalyzed hydration of acetalde- 
hyde. 

(b) Wnie a curved-arrow mechanism for the decomposition of acetone cyanohydrin (Eq. 
19.15) in aqueous hydroxide. Explain why the ketone-cyanohydrin equilibrium favors 
the ketone at high pH. 

19.16 Write a curved-arrow mechanism for 
(а) the acid-cataiyzed addition of methanol to benzaldehyde. 
(b) the methoxide-calalyzed addition of methanol to benzaldehyde. 


Equilibria in Carbonyl-Addition Reactions  - 


Hydration and cyanohydrin formation are both reversible reactions. (Not all carbonyl addi- 
tions are reversible.) Whether the equilibrium for a reversible addition favors the addition 
product or the carbonyl compound depends strongly on the structure of the carbonyl com- 
pound. For example, cyanohydrin formation favors the cyanohydrin addition product in the 
case of aldehydes and methyl ketones, but the equilibrium favors the carbonyl] compound 
when aryl ketones are used. 

The effect of aldehyde or ketone structure on the Айан equilibrium for hydration is il- 
lustrated by the data in Table 19.2. Note the following trends in the table. 


1. Addition is more favorable for aldehydes than for ketones. 

4. Electronegative groups near the carbonyl carbon make carbonyl addition more 
tavorable, 

3. Addition ts less favorable when groups are present that donate electrons by resonance to 
the carbonyl carbon. 


The trends in this table and the reasons behind them are important for two reasons. First, the 
equilibria for ай addition reactions show similar effects of structure. Second, and more impor- 
tant, the rates of carbonyl-addition reactions—that is, the reactivities of carbonyl com- 
pounds—follow similar trends (Sec. 19.7C). 
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Equilibrium Constants for Hydration of Aldehydes and Ketones 


OH 


Aldehydes | ; к, Ketones | к. 

н„С=© 22 х 10° (СН,),С=0 1.4 X 107? 
CH4CH—O 1.0 

(CH,),CHCH=0 05-1.0 Ph—C—CH; 6.5 X 1075 
PhCH=0 83 x 107 Ph;C—O 12x107” 
CICH;CH—O 37 (CICH3;C—0O 10 

Cl, CCH—O 2.8 x 10* (CF, C—0O too large to measure 


What is the reason for the effect of structure on carbonyl addition? The relative stabilities 
of the carbonyl compound and the addition product govern the AG? for addition. This point is 
illustrated in Fig. 19.9. As shown in this figure. the primary effect on the hydration equilib- 
rium is the difference in the stabilities of the carbonyl compounds. Added stability in the car- 
репу! compound increases the energy change AG*, and hence decreases the equilibrium con- 
stant, For formation of an addition product. 


OH {9 

| 
| онен ea 
б, | 
= OH | OH 
re АС" (aldehyde) 
Exi 
Sal 
z | | 
ma АС? (ketone) eee memp ren e CH;,CH;CH 
z Рат + HO 
5 stabilization of 
Z. the ketone relative 
= о to the aldehyde 

CH;CCH, ----------- 
+ HO 


| smaller АС? + 
larger Кы, 


Figure 19,9 The greater stability of a ketone relative to an aldehyde causes the ketone to have a greater stan- 
dard free energy of hydration and therefore a smaller equilibrium constant for hydration. (The two hydrates have 
been placed at the same energy level for comparison purposes.) 
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The major factors that stabilize carbons | compounds can be understood by considering the 
resonance structures of the carbonyI group: 


za Té TS 
^| | 


к= и = Ce ГЕУ ТЧ) 
+ 


The structure on the right. although not as important а contributor as the one on the lelt. 
тейеш the polarity of the carbons] group and has the eharaeteristies of a carbocation. There- 
lore. anything that stabilizes carbocations also tends Ie stabilize carbons | compounds. Be- 
cause alkyd groups stabilize carbocations, ketones (R = alkyl) are more stable than aldehydes 
iR. — This stability is reflected in the relative heats of formation of aldehydes and ketones, 
For example, acetone, with 3A? = —218 KJ mol! (0. 82:0 keal mol), is 29 kJ mol! (6.9 
keal mo17!) more stable than its isomer propionaldehyde. for whieh 34? — —189 KJ mot! 
(745.2 keal mol 5. Because alkyl groups stabilize carbonyl compounds, the equilibria for 
additions to ketones are less favorable than those for additions to aldehydes (trend Di. 
Formaldehyde, with neo hydrogens and no alkyl groups bound to the carbons]. has a ven 
laree equilibrium constant for hydration. 

Electronegative groups such as halogens destabilize carbocations by their polar etflect and 
far the same reason destabilize earbony] compounds. Thus, halogens make the equilibria for 
addition more favorable trend 23. fn fact. chloral hydrate (known in medicine as a liypnotic! 
Is à stable erstalline compound, 


9, ш 
| 
(ССН = Н.О ж CI CH 1рРАП; 
chłoral UM 


(2,2, 2-trichloroethanal) 
chtoral hydrate 


Groups that are conjugated with the carbonyl group, such as the phenyl group of benzakle- 
hyde, stabilize carbocations by resonance, and hence stabilize carbonyl compounds. 


o d MEUS 
ты И S , | 
-—-— ——À (—H +» + 0 |р -————— / ( 
"Da -— — Í 
+ 


(14214 


A similar resonance stabilization cannot occur in the hydrate because the varbony] group is no 
longer present, Consequently. aryl aldehydes and ketones have relatively unfavorable hydra- 
поп equilibria (trend 31. 

А vert) effect also operates in carbonyl addition, As the size of the groups bound to the gar- 
bony] carbon increases. van der Waals repulsions in the corresponding addition compounds 
become more important, We can see why this should be so from Fig. 19.8a. The groups at the 
carbonyl carbon are closer together in the addition compound than in the carbonyl compound: 
hence, van der Waals repulsions are more pronounced in the addition compound. These van 
der Waals repulsions, in turn. raise the energy of the addition compound relative to the gar- 
bonyi compound and arerease the AG? for addition. 


STUDY GUIDE LINK 19.2 
Ground-State Energies 
and Reactivity 
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Rates of Carbonyl-Addition Reactions 


The trends in relative rates of addition can be predicted from the trends in equilibrium con- 
stants. That is, compounds with the most favorable addition equilibria tend to react most 
rapidly in addition reactions. Thus, aldehydes are generally more reactive than ketones in ad- 
dition reactions; formaldehvde is more reactive than many other simple aldehydes, 

The reason for the parallel trends in rates and equilibria 1s that the transition states for ad- 
dition reactions resemble addition products. Thus, it is a convenient approximation to think of 
the addition compounds in Fig. 19.9 as transition states, and the standard free energies AG? as 
standard free energies of activation AG**. Just as destabilization of aldehydes or ketones de- 
creases the AG? for their addition reactions, the same destabilization decreases the free ener- 
gies of activation AG* for addition and thus increases the rate of addition. 

This section has covered two examples of addition to the carbonyl group. Subsequent sec- 
tions deal with other addition reactions as well as more complex reactions that have mecha- 
nisms in which the initial steps are addition reactions. These addition reactions al] have mech- 
anisms similar to the ones discussed in this section, and the trends in reactivity are the same. 
Addition to the carbonyl group is a common thread that runs throughout most of aldehyde and 
ketone chemistry. 


| DIES 19.17 Which carbonyl compound should form the greater proportion of cyanohydrin at equilib- 


rium? Draw the structure of the cyanohydrin, and explain your reasoning. 


( S-ai-o or |J CH,CH,.CH—O 


propanal 
benzaldehyde 


19.18 The compound ninhydrin exists as a hydrate. Which carbonyl group is hydrated? Explain, 
and give the structure of the hydrate. 


ninhydrin 


19.19 Within each set, which compound should be more reactive in carbonyl-addition reactions? 
Explain your choices. 
ial О 


| I 
H,C—C—CH,CH,Br or | H,C—C—CHBt 


О 
| 


| | 
H,C—C—C—CH, or  H,C—C—CH;CH; 


ic) 

ом у—сн=о ог cn у—сн=о 
id) 

[ у= or [20 


(Hint: Note the change in bond angles in Fig. 19.8a.j 


(b) 
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REDUCTION OF ALDEHYDES AND KETONES TO ALCOHOLS 


Aldehydes und ketones are reduced to alcohols with either lithium aluminum hydride. LiAIH,. 
or sodium borohydride. NaBH,. These reactions result in the net dddition of the elements of 
H, across the C—90O bond, 


T H 
Паш ОН А 
2 ~ ЦАН, шы” -———- 4 EE + Litand АГ salts 419221 
cyclobutanone lithium cyclobutanol 
aluminum (9099 vield] 
hydride 
Н? CHS + 4CEROH + NaBH, - 
` Cli T 
sodium 
p-methoxybenzaldehyde borohydride 
Н 


JEHO - а. CRIOCH: J 119,23) 


H 


p-methoxybenzyl alcohol 
Чен vicld ) 


As these examples illustrate, reduction of an aldehyde gives a primary alcohol. and reduction 
of à ketone gives a secondary alcohol. 

Lithium aluminum hydride is one of the most useful reducing agents in organie chemistry, 
It serves generally as a source of Hi7. the Avdride ion. Because hydrogen 15 more electroneg- 
ative than aluminum (Table 1.1). the AI-H bonds of the ^ ATH, ion carry a substantial fraction 
of the negative charge. In other words, 


11 E 
| m i | 

H-—Al—H  reuct& as i£ it were H— Al H: (19,24 
Н Н 


The hydride ion in LIAIH, ts very basie. For this reason, ЛАН, reacts violently with water 
and therefore must be used in dry solvents such as anhydrous ether and THF. 


H ү 


Lit H—AI--H lion —»- H—Al + H-—H-*Lit-OH (925i 
| | һу drogen нах 

Н Н 

(reacts further 


lithium aluminum with waler) 


hydride 


Like many other strong bases, the hydride ion in LIATH, is a good nucleophile, and LiAlH, 
contains их own "hujlt-in^ Lewis acid, the fithium ton. The reaction of LIAIH, with aldehydes 
and ketones involves the nucleophilic reaction of hydride (delivered from — AIH ) at the car- 
honvl carbon. The lithium ion acts as a Lewis acid catalyst by coordinating to the carbony] 
oxygen, 
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nm iU Lit 
| 


" —- КСА + AH, 19.260) 
R^ WR | 
| Н 


H— AIH, 


à lithium alkoxide 


The addition product. an alkoxide salt. can react with AIH. and the resulting product can also 
serve as a source of hydride. 


Lit :Qz77 МВ, Lit :0— AIHS === 
| | = these hydrides are active 
— (С С R у R— C —R in furt her reductions { !g “р 
| | 
H H 


Similar processes occur саб stage of the reduction until aH of the hydrides are consumed. 
Hence, as shown in the stoichiometry of Eq, 19.22, all four hydrides of LIATH} are active in 
the reduction. In other words, it takes one-fourth of à mole of LIATH, to reduce a mole of alde- 
hyde or ketone. 

Afler the reduction is complete, the alcohol product exists as an alkoxide addition com- 
pound with the aluminum. This is converted by protonation in a separate step into the alcohol 
product. The protan source can be an aqueous HCI solution or even an aqueous solution of a 
weak acid such as ammonium chloride. 


[? 


HOH, 
: m R 
| | = | 
Ii—c—o-* Al Lit ——»- 4H—C—O—H + HO + Lit, АГ salts 
| | 4 | []9.26c! 
Е R. 
aluminum alkovide alcohol product 


addition compound 


The reaction of sodium borohydride with aldehydes and ketones is conceptually similar to 
that of LiAIH,. The sodium ion is a much weaker Lewis acid than the lithium ion. bor this rea- 
son. NaBH, reductions are carried out in protic solvents such as alcohols. Hydrogen bonding 
between the alcohol solvent and the carbonyl group serves as à weak acid catalysis that act- 
vates the carbonyl group, Unlike ШАШ. NaBH, reacts only slowly with alcohols and can 
even be used in water if the solution is not acidic. 


| lí а 
à H " 
iQ: 3. OCH, О-Н O—CH; 
C i | | 
p? BH. Nat ——” Cons + “BH, Na* (19.271 
RT M p^; H 
R R sodium 
methoxyborohydride 
lactive in turther 

reductions! 


As Eq. 19.23 shows. all four hydride equivalents of NaBH, are active in the reduction. 
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Because LiAIH, and NaBH, are hydride donors, reductions by these and related reagents are 
generally referred to as hydride reductions. The important mechanistic point about these reac- 
tions 15 that they are further examples of nucleophilic addition. Hydride ion from LiAIH, or 
NaBH, is the nucleophile, and the proton is delivered from acid added in a separate step (in the 
case of LiAIH, reductions) or solvent (in the case of NaBH, reductions). 


1 7. QR A сы 
comes irom acid or solvent | 


о "Ww OH 
pur R А R 
— SS (19.28) 
R^ IR | 
^ H 
HT 


AIH, OT ВН 


comes from T 


Unlike the additions discussed in Sec. 19.7, hydride reductions are nor reversible. Reversal 
of carbonyl addition would require the original nucleophilic group, in this case, H:^, to be ex- 
pelled as a leaving group. As in Syl or 5,2 reactions, the best leaving groups аге the weakest 
bases. Hydride ion is such a strong base that it is not easily expelled as a leaving group. Hence. 
hydride reductions of all aldehydes and ketones are irreversible—they go to completion. 

Both LiAIH, and NaBH, are highly useful in the reduction of aldehydes and ketones. 
Lithium aluminum hydride is, however, а much more reactive agent than sodium borohydride, 
A significant number of functional groups react with LiAIH, but not with NaBH,; among such 
groups are alkyl halides, alkyl tosylates, and nitro groups. Sodium borohydride can be used as 
a reducing agent in the presence of these groups. 


the nitro group is 
not reduced by NaBH, | 


CHOH 


NaBH, 
CHOH 


(19.29) 


O;N ON 


3-nitrobenzaldehyde (3-nitrophenyl)methanol 
(mi-nitrobenzyl alcohol) 
(8296 yield) 


Sodium borohydride is also a much less hazardous reagent than lithium aluminum hydride. 
The greater selectivity and safety of NaBH, make it the preferred reagent in many applica- 
tions, but either reagent can be used for the reduction of simple aldehydes and ketones. Both 
are very important in organic chemistry. 


Discovery of NaBH, Reductions 

The discovery of NaBH, reductions illustrates that interesting research findings are sometimes 
serendipitous (obtained by accident). In the early 1940s, the U.S. Army Signal Corps became inter- 
ested in methods for generating hydrogen gas in the field. NaBH, was proposed as a relatively safe, 
portable source of hydrogen: addition of acidified water to NaBH, results in the evolution of hydro- 
gen gas at a safe, moderate rate. To supply the required quantities of NaBH,, a large-scale synthesis 
was necessary. The following reaction appeared to be suitable for this purpose. 


4 NaH + B(OCH3)s — а: NaBH, + 3NaOCH; (19.30) 
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The problem with this process was that the sodium borohydride had to be separated from the 
sodium methoxide by-product. Several solvents were tried in the hope that a significant difference 
in solubilities could be found. In the course of this investigation, acetone was tried as a recrystalliza- 
tion solvent, and it was found to react with the NaBH, to yield isopropy! alcohol, Thus was born the 
use of NaBH, as a reducing agent for carbonyl compounds. 

These investigations, carried out by Herbert C. Brown (1912-2004) at Purdue University, were 
part of what was to become a major research program in the boron hydrides, shortly thereafter lead- 
ing to the discovery of hydroboration (Sec. 5.4B). Brown even described his interest in the field of 
boron chemistry as something of an accident, because it sprung from his reading а book about 
boron and silicon hydrides that was given to him by his girlfriend (who later became his wife) as a 
graduation present. Mrs. Brown observed that the choice of this particular book was dictated by the 
fact that it was among the least expensive chemical titles in the bookstore; in the depression era, stu- 
dents had to be careful how they spent their money! For his work in organic chemistry, Brown shared 
the Nobel Prize in Chemistry in 1979 with Georg Wittig (Sec. 19,13). 


Aldehydes and ketones can also be reduced to alcohols by catalytic hydrogenation. This re- 
action is analogous to the catalytic hydrogenation of alkenes (Sec. 4.9A ), 


O OH 
ee H 
i catalyst 
Р í 
+ H, 102 atm PH 
120 °С 
j cycloheptanone cycloheptanol 


(9296 yield} 


Catalytic hydrogenation is less 1mportant for the reduction of carbonyl groups than it once was 
because of the modern use of hydride reagents. 

It is usually possible to use catalytic hydrogenation for the selective reduction of an alkene 
double bond in the presence of a carbonyl group. Palladium catalysts are particularly effective 
for this purpose. 


‘carbonyl group is not reduced 


CH=0 CH-—O 
H 
H H 
+ i — se (19.32) 
H H 
H 


2-cyclohexenecarbaldehyde 
cyclohexanecarbaldehyde 


(81% vield) 


lessor 19.20 From what aldehyde or ketone could each of the following be synthesized by reduction with 
either LiAIH, or NaBH,? 


(a) (b) OH (с) OH 
CHOH | 
CH;CHCH,CH, 


OH 
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19.21 Which of the following alcohols could nor be synthesized by a hydride reduction of an alde- 
hyde or ketone? Explain. 


OH 5n 
HC OH 
CH, as 
A В C 


—  — REACTIONS OF ALDEHYDES AND KETONES WITH 
19.9 GRIGNARD AND RELATED REAGENTS 


Grignard reagents were introduced in Sec. 8.8. The reaction of Grignard reagents with 
carbonyl groups is the most important application of the Grignard reagent in organic chem- 
istry. Addition of Grignard reagents to aldehydes and ketones in an ether solvent, followed by 
protonolysis, gives alcohols. 


j p 
n : | 1,07 = а 
(СНз): СНСН + BrMg—CH;CH; аса ————M (СН), СНСНСН:СН; (19.33) 
2-methylpropanal ethylmagnesium 2-methyl-3-pentanol 
bromide (6896 yield) 
| Ol 
. ` ; HOt 
H,C—C—CH, + CHjCEGCH,—MgBr > ——=»® нс—С—сн, (19.34) 
acetone propylmagnesium CH CH.CH, 
bromide | 
2-methyl-2-pentanol 
(68% yield) 
ая The reaction of Grignard reagents with aldehydes and ketones is another example of сағ- 
bony! addition. ln this reaction, the magnesium of the Grignard reagent, a Lewis acid, bonds 
STUDY GUIDE LINK 19. и : ыы Crs а әй ati 
Ге АС Catalysis to the carbonyl oxygen. This bonding, much like protonation in acid-catalyzed hydration, 


makes the carbonyl carbon more electrophilic (that is. makes it more reactive toward nucle- 
ophiles) by making the carbonyl oxygen a better acceptor of electrons. The carbon group of 
the Grignard reagent reacts as a nucleophile at the carbonyl carbon. Recall that this group is à 
strong base that behaves much like a carbanion (Secs. 8.8B and 11.4C). 


G+ + 
S ----- MgBr :О:7 MgBr 
= | 
C R — E—- Cs (19.353) 
cgi + | 


a bromomagnesium alkoxide 


The product of this addition, a bromomagnesium alkoxide, is essentially the magnesium salt 
of an alcohol. Addition of dilute acid to the reaction mixture gives an alcohol. 


T ae eg Ls А 
BrMg :Q:-7 НОН, : OH 
B | Nis: 
R—C—R ——*' ECR + ДЫ + + Me (19.35b) 


R R 
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Because of the great basicity of Grignard reagents, this addition, like hydride reductions. 1s 
irreversible. and it works with just about any а епу Је or ketone. 

The reactions of oreanolithium and sodium acetylide reagents with aldehydes and ketones 
are fundamentally similar to the Grignard reaction. 


O ОН 
| ME at " : 
CH;(CH5)4— Li + НСС СЛ. — as: „эн Н.С CH, + Lit + ILO (19.36 
butyllithium acetone CHa 


2-methy1l-2-hexanol 
КШ yield 


O 
t HCzsSC: Nat + Nat + HAO (09371 
sodium acetvlide 
cyclohexanone incubo [-ethynylcyclohexanol 
(63 7390 yield) 
СЯ The reaction of Grignard and related reagents with aldehydes and ketones is important not 
only because it eun be used to convert aldehydes or ketones into aleohols. but also because it 
STUDY GUIDE LINK 19.4 | M E 
; is an excellent method of carbon carbon bend formation, 
Reactions That Form id 
Carbon-Carbon Bonds 
O OH the carbonyl group 
| | is reduced ` 
Ca + Н—МеВг ж DURO —Q— —————— 3210923 
тезел. | PEL А а new carbon-carbon 
Е bond is formed 
R Ваалом = 
A complete list of reactions that form carbon-carbon bonds Is given in Appendix VI. 
The possibilities for alcohol synthesis with the Grignard reaction are almost endless, Pri- 
mary alcohols are synthesized by the addition of a Grignard reagent to formaldehyde. 
ERSM - | 
MgCl + H,C==Q — ———- CH;—OnH. (19.39 
/ 
formaldehyde 
cyclohexvEImagnesium cyclohexylmethanol 
chloride Гев yield! 
Because Grignard reagents are made from alkyl hahdes, which in many cases can he synthe- 
sized from alcohols. this reaction ean be incorporated as a key element in а one-carbon chain 
extension af an alcohol: 
Mg Н:С=0 H,07 
k— BH. == Керт heec К — MgBr aL —— R—CH:;:— OH 1940) 
ethe {һе 


___ [шҥопесабо_-_ _ _ _ o | 
| chain extension 


Addition al a Grignurd reagent to an aldehyde other than formaldehyde gives a secondary 
alcohol (Eq. 19.33). апа addition to a ketone gives a tertiary aleahol (Eg. 19.341. The Grignard 
synthesis of a tertiary alcohol or, in some cases, a secondary alcohol. сап also be extended to 
an alkene synthesis by dehydration of the alcohol with strong avid during the protonoiysts step 
(See. VO. L3. 
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HO CH; CH; 


О 
е H;0* H750, | , 


(68% yield) 


When you are asked to prepare an alcohol, you can determine whether it can be synthesized 
by the reaction of a Grignard reagent with an aldehyde or ketone if you understand that the ne: 
effect of the Grignard reaction, followed by protonolysis, is addition of R—H (R = an alky! 
or aryl group) across the C—O double bond: 


O—H 
} | 
3 , Е — OH: 
pis cH xe. = Ae (19.42) 
aa Once you grasp this relationship. you can determine the starting materials for a particular syn- 
STUDY GUIDE LINK 19.5 thesis by mentally subtracting R and H from the target alcohol. This approach is illustrated in 


Alcohol Syntheses Study Problem 19.3. 


Stud Problem 19.3 
Propose a synthesis of 2-butanol by the reaction of a Grignard reagent with an aldehyde or ketone. 


Solution The carbonyl carbon of the starting material becomes the a-carbon of the alcohol. 
Consequently, any alkyl group bound to this carbon in the product can be derived from a 
Grignard reagent. The O—H proton is derived from the water or acid used in the protonolysis 
step. Thus, one possible analysis of the required synthesis is as follows: 


O—H subtract O 


Hand CH;,CH; 


| 
E5C—CH —€HiGHs H,C—CH + BrMg—CH,CH;, then Н—ОН, (1943) 


target compound 


(This type of arrow means, “Implies as starting materials.” It is often used when mapping out à 
retrosynthetic strategy.) Another possibility for a Grignard synthesis of 2-butanol can be found by 
a similar analysis. What 1s it? 


PROBLEM 

19.22 Show how ethyl bromide can be used as a starting material in the preparation of each of the 
following compounds. (Hint: How are Grignard reagents prepared?) 
(a) ОН (b) OH (c) 1-butanol 


PhCHCH,CH, (CH4CH;);CCH, 


(d) CH,CH,CH—O (е) d (f) a 
Ph—C—CH—CH; CHCH; 


19.23 Outline two different Grignard syntheses for 3-methyl-2-butanol. 
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ACETALS AND THEIR USE AS PROTECTING GROUPS 


lirst. reversible 
additions (exanohsdrin. formation and. hydratenk then, tresersible additions thy dride 


The preceding. sections deal with simple. earbhonvI-addition reactions 


reduction amd addition of Grignard reagents). This and the following sections consider some 
reactions thal begin as additions bul im olye other types of mechanistie steps, 


A. Preparation and Hydrolysis of Acetals 
When an aldehs de or hetone reacts with a large exeess of an aleohol in the presence of a trace 
ol strong acid an eet’ is formed. 
OCH 
QN CHU TENE ON -CH—OCH, 
| i | ШШ | MTS 
| + 2CH,.0H ж | „НО 09441. 
Ux моти" ИИ 
m-nitrobenzaldehyde mi-nitrobenzaldehyde 
dimethyl acetal 
MEET vield | 
1 CH;0. OCH, 
Pau c" ШЕР 
7 CH: Pt a Мт! " 
| 2CH;OH ~ НО 119.451 
E solent! 
acetophenone acetophenone 


dineihyl acetal 
КАШ ^ 1985 


Ап acetal is а compound im which twa ether oxy gens are bound to the same carbon. [n other 
words. acetals are tbe ethers of сопу] hydrates. or осо (See. 19.7 1 t Acetals derived 
from ketones were once called Аел. but this mame is no Jonger used. i 

Notice that two equivalents of alcohol are consumed in cach of the preceding reactions. 
However. [.2- amd 1,5-diols contin to —OH groups within the same molecule. Tence. one 
equivalem ob a 1.2- or ].3-diol ean react to Form a сусе acetal, n which the acetal group is 
part of a fiye- or six-membered ring, respectively. 


а E H ташин | 
n „айма. BLAU xn 
E | m О HOO (4940) 
" LH i 
HO” 
cyclohexanone cyclohexanone 
ethylene ethylene acetal 


glycol 


КЕШ viele) 
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The formation of acetals is reversible. The reaction is driven to the right either by the use 
of excess alcohol us the solvent or by removal of the water by-product, or both. This strategy 
is another application of Le Chatelicr’s principle. In Eq. 19.46, for example, the water can be 
removed as an azeorrepe with benzene, (The benzene—water azeotrope is a mixture of benzene 
and water that has a lower boiling point than either benzene or water alone.) 

The first step in the mechanism of acetal formation is aeid-calalyzed edition of the aleu- 
hol to the carbonyl group to give а hemiacetal—a compound with an — OR and —OH group 
un the same carbon themi = half: hemiacera! = half acetal). 


С} OH 
| | acid | 
p е8 + КОН === um (19, 47а] 
OR 
hemtacetal 


Henmiacetal formation is completely analogous to acul-catalvzed hydration. (rite the step- 
wise mechanism of this reaction; see Problem 19.162. p. 910.) 

The hemiacetal reacts further when the — OH group is protonated und water is lost to give 
a relatively stable carbocation. an a-alkaxy carbocation (Sec. 19.6). 


OR à p ÓR 
| s] = | "T 
—1— +” — = «x p ж —— — pm - HX (phy 
5 " 
us M UR Fl T H a-alkoxy carbo ation 
H 
+ LO 


= Ns 


STUDY GUIDE LINK 19.5 
Hemiacetal 
Protonation 


Loss of water from the hemiacetal is an S41 reaction analogous to the loss of water in the de- 
hydration of an ordinary alcohol (Eq. 263. The nucleophilic reaction of an alcohol molecule 
with the cation and deprotonation of the nucleophilic oxygen complete the mechanism. 


OR КО ok. OR 
| , | ROH | " 
p^ q tT NOR ч” —C— |жж 0 + ROM, (19.470 


een ls | 


As we have just shown, the mechanism For acetal formation is really à combination of other 
lamiliar mechanisms. ]t involves an acid-catalvzed curbonyl addition followed by a substitu- 
поп that occurs by the 5..1 mechanism. 

Because the formation of acetals is reversible, acetals in the presence ot acid and excess 
waler are transformed rapidly back into the corresponding carbonyl compounds and ateohnols: 
this process 1s called acetal hydrolysis. (A hydrolysis is a cleavage reaction involving water.) 
As expected from the principle of migroscopic reversibility, the mechanism of acetal hydroly- 
sis is the reverse of the mechanism ot acetal formation. Hence, acetal hydrolysis. like hemiac- 
etal formation, is acid-calaly zed. 
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The formation of femiéacetals is catalyzed not only by acids but by bases as well (Problem 
19.166. p. 910). However, the conversion of hemiavetals into acetals is catalyzed oniy hy acids 
(Eqs. 947b and ei. This ts whs acetal formation, which is a combination of the two reactions, 
Is catalyzed hy acids but not by bases. 


catalyzed 
only by acids 


catalyzed by 
acids and bases 


i) CoH OR 
] | ROE | 
p + ROLL а E =“: —=— —_{—=— + H3GO CES HA) 
OR OR 
hemiacetal acelal 


As expected from the principle of micrescopic reversibility. the hydrolysis of hemtacetals bo 
uldehvdes und ketones ts also catalyzed by bases, but the hydrolysis of acetals lo hemiacetals 
Is catalyzed oniy by acids; Hence, acetals are stable in basic and neutral solution. 

Hemiacetals. the intermediates in acetal formation (Eq. 19.472). 3n. most cases cannot 
he isolated. because they react further to yield acetals im соло solution. under acidic 
conditions ror decompose to aldehydes or ketones and an alcohol. Simple aldehydes. however. 
form appreciable amounts of hemtacetals in alcohol solution. just as they form appreciable 
amounts af hydrates in water (see Table 19.2). 


ri 
H.C—UCH-——O0 + GH:OH = = H — till SINIT 
solvent | 
OCH, 


97! at equilibrium 


Five- and six-membered eyele hemiacetals form spontaneously from the corresponding hy- 
droxs aldehydes, and most are stable compounds that сап be isolated. 


IO H 
è 


€ (19. 49 


d «velie hemiacetal 
(940 at equilibrium? 


| 
HOCH.CH.CH,CH,CH—O0 = 


5-hydroxypentanal 


HO H 
HOCH;CH.CH.CH-0 =o TEM (19.50) 
ko 
4-hydroxybutanal 199% at суити 


You learned in Sec. E1.7 that intramolecular reactions which give six-membered or tive-mem- 
bered rings are faster than the corresponding intermolecular reactions. Such iniramoiccular re- 
actions are also more favored thermodynamically—that is. they have larger equilibrium con- 
stants. because an intramolecular — OH group simply has a greater probability of reaction 
than ап — OH group in a different molecule. 

The fve- and six-curbon sugars are important hiological examples of eyelic hemiacetals. 
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HOCH, HOCH, 


OH C 


HO — HO 
HO DTG HO- A xo] 
OH ! OH | 
9 OH 
(+)-glucose c-(+)-glucopyranose 


(a cyclic form of glucose) 


(This reaction and its stereochemistry are discussed in Sec. 27.2B.) 


Storage of Aldehydes as Acetals 


Some aldehydes are stored as acetals. Acetaldehyde, when treated with a trace of acid, readily forms 
a cyclic acetal called paraldehyde. Each molecule of paraldehyde is formed from three molecules of 
acetaldehyde. (Notice that an alcohol is not involved in formation of paraldehyde.) Paraldehyde, with 
a boiling point of 125 °C, isa particularly convenient way to store acetaldehyde, which itself boils near 
room temperature. Upon heating with a trace of acid, acetaldehyde can be distilled from a sample of 
paraldehyde. (See Problem 19.60, p.944.) 


А 
wert н 
| acid e О 
3CH;CH=O0 а uc. i ен, (19.52) 
n аб 
H H 
paraldehyde 


Formaldehyde can be stored as the acetal polymer paraformaldehyde, which precipitates from con- 
centrated formaldehyde solutions. 


HO—-CH;—0-—-H 
paraformaldehyde 


(An alcohol is not involved in paraformaldehyde formation.) Because it is a solid, paraformaldehyde 
is a useful form in which to store formaldehyde, itself а gas. Formaldehyde is liberated from 
paraformaldehyde by heating. 


PROBLEMS я Р . Бе 
19.24 Write the structure of the product formed in each of the following reactions. 


(а) acid 
O + CH,CH,OH ж 
(solvent) 


(b) | 
CH,CH,CH,CH + (CHj,CHOH 9 


(solvent) 


19.25 Propose syntheses of each of the following acetals from carbony! compounds and alcohols. 


(a) (b) ы 


О 


Study Problem 19.4 
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19.26 Suggest a structure for the acetal product of each reaction. 


(HO Н 

O acid - 
+ CH:OH r (CHj) 
[excess) 
(h) pe 
( У + eo У" НЕ 2Р9 
CH; 
(excess) 
Protecting Groups 


A common tactic of organic synthesis 1s the use of protecting groups. The methad is illustrated 
by the following analogy. Suppose you and a friend haven't been invited to a party but are de- 
termined to attend it anyway. To avoid recognition and confrontation, you wear a disguise, 
which might be a wig, a false mustache, or even more drastic accoutrements. Your friend does- 
n't bother with such deception. The host recognizes your friend and insists that he leave the 
partv, but, because you are nol recognized. you avoid such a confrontation and can remain to 
enjoy the evening, removing your disguise only after the party 15 over. 

Now, suppose two groups in a molecule. A and В, are both known to react with a certain 
reagent, but we want to let only group А react and leave group B unaffected. The solution to 
this problem is to disguise, or protect, group B in such a way that it cannot react. After group 
A is allowed to react, the disguise of group B is removed. The "chemical disguise" used with 
group B is called a protecting group or protective group. Acetals are among the most com- 
monly used protecting groups for aldehydes and ketones. Study Problem 19.4 illustrates the 
use of an acetal as a protecting group. 


Propose a sequence of reactions for carrying out the following conversion. 


ji 1 | 
м у—с—снң tS, Ho—cH cm „}=C— cH, (19.53) 


Solution It might seem that the way to effect this conversion would be to convert the starting 
halide into the corresponding Grignard reagent, and then allow this reagent to feact with ethylene 
oxide, followed by dilute aqueous acid (Sec. 11.4C). However, Grignard reagents also react with 
ketones (Sec. 19.9). Hence, the Grignard reagent derived from one molecule of the starting mater- 
ial would react with the carbonyl group of another molecule, and thus the ketone group would not 
survive this reaction. However, the ketone сап be protected as an acetal, which does nor react with 
Grignard reagents. (An acetal 15 a type of ether, and ethers are unaffected by Grignard reagents.) 
The following synthesis incorporates this strategy. 
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introduction of the | formation of the . 


the protecting group | Grignard reagent 
9 ү. ^ | 
Н.С о О 
HOCH;CH;OH Se 
Br сан. ж eo Кылыш. 
p-toluenesulfonic CH ether 
acid (trace) 3 
(See Eq. 19.46) ae 
А | - ide 
acetal protecting group; protonolysis of the alkoxi 
inert to Grignard reagents | апа hydrolysis of the acetal 
(removal of the protecting group) 
| 1 f % 
ра Hie er ad H20, HO 


mii 
C ————— C — 
“єн, “сн, | 
BrMg^ | 


BrMg* ~OCH,CH; 


о 
| 
HOCH,CH;OH + носнусн,—( у—С—сн, (19.54) 


Notice in this synthesis that all steps following acetal formation involve basic or neutral condi- 
lions. Acid can be used only when destruction of the acetal is desired. 

Although any acetal group can in principle be used, the five-membered cyclic acetal is fre- 
quently employed as a protecting group because it forms very rapidly (proximity effect; Sec. 11.7) 
and it introduces relatively little steric congestion into the protected molecule. 


А number of reagents that react with carbonyl groups also react with other functional 
groups. Acetals are commonly used to protect the carbonyl groups of aldehydes and ketones 
from basic, nucleophilic reagents. Once the protection 1s no longer needed, the acetal protect- 
ing group is easily removed, and the carbonyl group re-exposed, by treatment with dilute 
aqueous acid. Because acetals are unstable in acid. they do лог protect carbonyl groups under 
acidic conditions. 


EHOBDEN 19.27 Outline a synthesis of the following compound from p-bromoacetophenone and any other 


reagents. 
0O O 
| | 
H,C—C C—CH, 


REACTIONS OF ALDEHYDES AND KETONES WITH AMINES 


A. Reaction with Primary Amines and 
Other Monosubstituted Derivatives of Ammonia 


A primary amine is an organic derivative of ammonia in which only one ammonia hydrogen 
is replaced by an alkyl or aryl group. An imine is a nitrogen analog of an aldehyde or ketone 
in which the C=O group is replaced by a C—NR group. where R = alkyl, aryl, or H. 
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" NES | 
к — NH: =) (=== 
/ "i 
primary amine ие 
aldehyde or kebone mine 


( [mines are sometimes called Schiff bases or Schiff's bases.) [mines are prepared by the re- 
action of aldehydes or ketones with primary amines. 


o : | XT heat m : A E 
\ 7 01-70 ~ Ph—NH ——— M 4 CH=N—Ph + HO (19,55) 
à primary b (separates fram 
amine an imine the reaction 
184 Ue viekdi mixture] 


Formation of imines is reversible and generally takes place with acid or base catalysis or 
with heat. [mine formation is typically driven to completion by precipitation of the imine, re- 
moval of walter. or both. 

The mechanism of imine formation begins as а nucleophilic addition 10 the carbonyl group. 
In this case. the nucleophile is the amine, м hich reacts with the aldehyde or ketone to sive an 
unstable addition product called a cerbmnolamine. A carbinolamine is à compound with an 
amine group (—NH., —NHR. or — NR: and a hydroxy group on the хапе carbon. 


| T H 
aa p eJ aS aS {19 56a! 
STUDY GUIDE LINK 19.7 | 
Mechanism of Кү р 
Carbinolamine 
Formation 


дя 


Dehydratio 


carbinolamine 


(You should write the detalled mechanism, which is analogous to the mechanism of other re- 
versible additions.) Carbinolamines are not isolated. but undergo acid-catalyzed dehydration 
to form imines. This reaction ts essentially an alcohol dehydration (See. 10,1, except thak it is 
typically much faster than dehydration of an ordinary alcohol. 


OH 
a "EB CAES | 
—(.—NR —— (СМЕ - Н.У E TUE 
І | РА 
STUDY GUIDE LINK 19.8 H 
n of ГАДИ 
ines varbinolamine 


Carbinolam 


(Write the mechanism of thts reaction us welt. 

Typically, the dehydration of the carbinolamine Is the rate-limiting step of Iming formation. 
This is why imine formation is catalyzed by acids. Yet the acid concentration cannot be тос 
high because amines are basic compounds. and because protonated amines cannot act as nu- 
cleophiles. 


"+ “т + яа 
RNH, + ILOT ж” RNH, + Н.О: (19,571 


Protenation of the amine pulls the equilibrium in Eq. 19.56a to the left; consequent y, if the 
acid concentration is high enough, earbinolamine formation cannot occur. For this reason. 
many imine syntheses are carried out in very dilute acid. 

To summarize: [Imine formation іх à sequence of two reactions that have close analogies to 
familiar reactions—namely, carbonvyi addition followed by B-efiminatiun. 

One use of imines js in the preparation of amines; this Is discussed in Sec. 233. 7B. Another 
use, which was more important before the advent of spectroscopy than itis now, is in the char- 
acterization of aldehydes and Ketones. When a new compound was synthesized, it was typically 
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. 


| AA 
H,C—C—CH; + H;:N— NH 


characterized by conversion into two or more crystalline compounds called derivatives. These 
derivatives served as the basis for subsequent identification of the new compound when it was 
isolated from another source or from a different reaction. It was important to prepare derivatives 
because they eliminated the ambiguity that could arise if two compounds have very similar 
melting points or boiling points. It is relatively improbable that two compounds with the same 
melting or boiling points will give two crystalline derivatives with the same melting points. 

Certain imines are frequently used as solid derivatives of aldehydes and ketones. These 
imines, and the amines from which they are derived, are listed in Table 19.3, For example. the 
24-DNP derivative of acetone is prepared by formation of an imine with 2.4- 
dintrophenylhydrazine: 


NO; 
diu МО, 
dilute Н.50, | е 
CHOH IbC—C elis | TM 
[precipitates] 
2,4-dinitrophenylhydrazine a 2,4-dinitrophenylhydrazone 
(2,4-DNP) {2,.4-DNP derivative of acetone! (19.58) 


To illustrate how such derivatives might be used in structure verification. suppose that a 
chemist has isolated a liquid that could be either 6-methyl-2-cyclohexenone or 2-methyl-2-cy- 
clohexenone. The boiling points of these compounds are too similar for an unambiguous iden- 
tification. Yet the melting point of either a 2,4-DNP derivative or a semicarbazone (see Table 
19.3) would quickly establish which compound has been isolated. 


O O 
HC CH; 
boiling point 69-71 "C (18 mm) 69—70 *C (16 mm) 
semicarbazone, mp 177—179 °С, 207-208 °C 
2,4-DNP derivative, mp 162-164 °C 207—208 "C 


Some N-Substituted Imine Derivatives of Aldehydes and Ketones 


г I". 
H,N—NH--C —KH, 


Amine Name Carbonyl Derivative Name 
H.N—OH hydroxylamine R,C=N—OH oxime 
H;N—NH, hydrazine R,C=N—WNH, hydrazone 
«й—3н— phenylhydrazine майн) phenylhydrazone 
NO; NO; 
^ 
J= "E =. 
H,N—NH S ,)— NO, 2,4-dinitrophenylhydrazine R/C—N—NH—. 5 No, 2,4-dinitrophenylhydrazone 
BW (2,4-DNP) AE (2,4-DNP derivative) 


DUM | "^ 
semicarbazide R;C—N—NH—C— NH; semicarbazone 
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Althourh the identity of the compound could be readily. established today byw spectroscopy 
(expla how x it is important to be Familiar with the imine derivatives tn Table 19.3 because 
references to the use of such derisatives are commonplace in the older chemical Iiterature. 


ROBLEMS ! | 
19.28 Draw the structure of 


(a) the semicarhazone of eyelohexiunene tb} the 24-DNP derivalive of 2-methylpropanal 
(е) the imine formed im the reaction between 2-methylhexanal and ethylamine (C,H,NH,). 
19.20 Write a curved-amow mechanism for the acid-catalyzed tormation of the hydrazone of ac- 
etaldehyde. 
19.30. Write a curved-arrow. mechanism for the acid-caialyzed hydrolysis ot the imine derived 
from benzaldehyde and ethylamine (CH,CH,NH.1.. Use the principle of microscopic 
reversibility tp. 171210 guide you. 


B. Reaction with Secondary Amines 


A secondary amine has the general structure R;NH. in which two ammonia hydrogens are re- 
placed by alkyl or ari groups. An enamine (pronounced en- 2-men ^) has the following ggn- 
eral structure: 


/ \ 
general enamine structure 
The name emite is a vontraction of the word sanne (i compound of the torm RN) and the 
sufliy cuc, Which is used for naming alkenes. The name recognizes thal an erine nlrogen Is 
handed to a carbon that is part of a double bond (that is; an alkes). 
Formation of an enamine occurs when a secondary. amine reacts wilh an aldehyde or 
ketone, provided that the carbons | compound has an e-h drogen. 


(1 h М ari MICI, 
me ni Hac CH 
SEE е X "1 
GH—GCHĦ=0 · H—N—« H, ж i. = (11 ——N s HRO РЧА) 
б 2 Irento exl as 
LE Ph bist Ph b 1s forma? 
" | и d Sccondary in enamine 
isobuty raldehyde ee pu de 
i} ке 
ala Eh Gs за 7 
| | = | = y м 3 ЕК9 ЕКТ 
B ud е renovel as 


| 
il eq it is formed | 
cyclohexanone 
Se 


morpholine 
(a secemdary 


1m mel JI ШАПАТ 
^ 


[22 mn viel: 
As Ey. 19.60 illustres, the (vo alkyl groups of à secondary amine mas be part of a ring. 

| ike imine formation. enamine formation is reversible and must be driven to completion hi 
the removal of one of the reaction products (usually waler: see Eq. 19.60) Enamiaes. [ike 
imines, revert te the corresponding carbons | compounds and amines 1n aqueous acid. 


930 
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The mechanism of enamine formation begins, like the mechanism of imine formation. as a 
nucleophilic addition to give a caurhinolamune intermediate. (Write the mechanism of this re- 
action.) 

» HO. NR: 


R.N—H 1 -——H 19 61а 


Because no hydrogen remains on the nitrogen of this carbinofamine, imine formation cannot 
occur. Instead, dehydration of the carbimolamine imyolves loss of a hydrogen from an adjacent 
carbon, 


H NR. 


NE 
Н.. 
а a 
— y — H— OH УБ) 


Why don't primary amines react with aldehydes or ketones to form enamines rather than 
imines? The answer is the enamines bear the same relationship to inines that emos bear to ke- 


onts. 
HNE NR 
H 
H 
ii AT- 
— >» H 2 LES б! 
in enamine the omeri mine 
more stable) 
OH 


(} 
Г! 
Н | (19.62h) 


an enol the tsameric ketone 
more stable) 


G- 
| 


Just ах most aldehydes and ketones are more stahle. than their. corresponding enols 
(Sec. 14.54). most imines are more stable than their corresponding enamines. Because ser- 
ondarv amines cenno form imines, they form enamines imstead. 

To summarize: Aldehydes and ketones react with primary amines (ЁМН to give imines, 
and wilh secondary amines CR,NH) lo give enamines, [n a third type of amine. a tertiary 
amine (RN). all hydrogens of ammonia are replaced by alkyl or aryl groups. Tertiary amines 
de nor react with aldehydes and ketones to form stable derivatives. AUhough most tertiary 
amines are good nucleophiles. they have no NH hydrogens and theretore cannot even form 
carbinolamines, Their adducts with aldehydes and ketones ure unstable and can only break 
down to starting materials. 


RN - „м. WIESO =i 19631 
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PROBLEM E : 
19.31 Give the enamine product formed when each of the following pairs reacts. 


acetone and H— N: 


REDUCTION OF CARBONYL GROUPS 
TO METHYLENE GROUPS 


The most common reductive transformation of aldehydes or ketones is their conversion into al- 
cohols (Sec. 19.8). But it is also possible to reduce the carbonyl group of an aldehyde or ketone 
completely to a methylene (—CH,— ) group. One procedure for effecting this transformation in- 
volves heating the aldehyde or ketone with hydrazine (Н.М — NH.) and strong base. 


1 
| 
! KOH, heat, th 
triethylene glycol 


І 
Ph—‘( ,— CHCH, T H-N— NH; Ph H3CH;CH; T H-O F №, (19.64) 
propiophenone hydrazine propylbenzene 
(85% aqueous (82% yield) 
solution} 


CH,0 CH=O H3NNH;, heat CH;O CH; 
„== E. 
KOH | 
: | (19.65) 
triethylene glycol „6 
CH;O CH;O 
3,4-dimethoxybenzaldehyde 3,4-dimethoxytoluene 


(81% vield) 


This reaction, called the Wolff-Kishner reduction, typically uses ethylene glycol or similar 
high-boiling compounds as co-solvents. (Triethylene glycol, which has the structure 
HOCH,CH,OCH,CH,OCH,CH,QOH. and а boiling point of 278 °C, is used in Eqs. 19.64 and 
19.65.) The high boiling points of these solvents allow the reaction mixtures to reach the high 
temperatures required for the reduction to take place at a reasonable rate. 

The Woltf-Kishner reduction is an extension of imine formation (Sec. 19.11A) because a 
hvdrazene (Table 19.3) is an intermediate in the reaction. A series of Bronsted acid—base re- 
actions (see Study Guide Link 19.9) lead ultimately to expulsion of dinitrogen gas and forma- 
tion of the product. 


ая О N—NH; H 
| | | 


STUDY GUIDE LINK 19.9 ^ E ; НО, OH uw узо 
olff-Kishner 
Reaction hydrazine hydrazone H 
+ HO 


The Wolff-Kishner reduction takes place under strongly basic conditions. The same over- 
all transformation can be achieved under acidic conditions by a reaction called the Clem- 
mensen reduction. In this reaction, an aldehyde or ketone is reduced with zinc amalgam (a 
solution of zinc metal in mercury) in the presence of НСІ. 
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Q 
Zn/Hg, HCl 
24 hr | 
— ; ‹ 

C3HsOH | + НО (19.67) 

CH, CH, 
(93% yield) 
Zn/Hg 
CH,(CH;4CH—0 —BH3O, CH,(CH,),;CH; (19.68) 
heptanal heptane 


(87% yield) 


The mechanism of the Clemmensen reduction is uncertain. 

One of the most useful applications of the Wolff-Kishner and Clemmensen reductions is 
the introduction of alky! substituents into benzene rings. This is illustrated in Study Problem 
19.5. 


Study Problem 19.5 


Outline a synthesis of butylbenzene from benzene and any other reagents. 


Solution When you are asked to prepare an alkylbenzene from benzene, Friedel-Crafts 
alkylation (Sec. 16.4E) should come to mind. Indeed, the Friedel-Crafts alkylation reaction is 
useful for introducing groups that do not rearrange, such as methyl groups, ethyl groups, and 
tert-butyl groups, inta benzene rings. But when this reaction 1s used to prepare butylbenzene 
from benzene and 1-chlorobutane, a major amount of rearranged product is observed. (See 
Eq. 16.17 on p. 758.) 


C 27 --OHOHgCHSCH, C] AS. C j groen, + A j ccc cH, + HCl 


CH; | 
benzene butylbenzene (19.692) 
sec-butylbenzene (35%) 
(65946) 
Butyibenzene can be easily prepared free of isomers, however, by the Wolff—Kishner reduction of 
butyrophenone: 
| 
( 2-$- enonn De C )-osenouon 
(19.69b) 
butyrophenone butylbenzene 


In turn, butyrophenone is readily prepared by Friedel-Crafts acylation (Sec. 16.4Р), which is not 
plagued by the rearrangement problems associated with the a/kvlation. 


О О 
| АС Н+ | | | 
теге ee — ———- C—CH,CH;CH; + HC] (19.69с) 
butyryl chloride - 
benzene butyrophenone 


(Butylbenzene can also be prepared by the Stille reaction; Sec. 18.10B.) 
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PROBLEMS B PE ; 
| PROBLEMS | 19,22 Draw the structures of all aldehydes or ketones that could in principle give the following 
product after application of either the Woltf-Kishner or Clemmensen reduction. 


INS CHCHICH 


19.33 Outline a synthesis of 1.2-dimethoxsy-2-prepylbenzene from hydroquinone i p-hydroxyphenol) 
and апу other reagents. 


THE WITTIG ALKENE SYNTHESIS 


| 
= ш "T аң 


Qur tour through aldehs de and ketone chemistry started with simple additions: then addition 
Followed by substitution бдее formation); then additions followed hy elimination (imine and 
enamine formation). Another addition-elimmination reaction, called the Wittig alkene synthe- 
sis, 1s an mportant method for preparing alkenes from aldehydes and ketones. 

An esample of the Wiig alkene synthesis is the preparation of meibyleneevelohesane 
from eve lohexanone. 


Р ә Р + + weed 
‚М - 1CH3- -PPh, э / Мы Н T Ph, P— Qs АКА 


peu an vlid M —/ 
triphenyiphosphine 


cyclohexanone methylenccyclohexane oxide 


The Wittig synthesis is especially important because in gives alkenes in whieh the pesrtieon 
af the double bond is unambiguous: in other words, the Wittig svnthesis Is completely regros- 
elective. Ht сап be used for ihe preparation of alkenes that wotdd be Чн to prepare by 
other reactions, For example. methyleneevelohexane. which is readily prepared by the Willig 
synthesis (Eq. 19,760), cannot be prepared. by dehvdration of 1-nmethsleyelohexanolk; l- 
methy les clohiexene is obtained Instead. because alcohol dehydration gives the alkene iso 
meris) m which the double bond has the greatest number of alkyl substituents (See. 1010. 


P 0 — 
Zo x; ШЕ S TN 
i X DEL ( ye CH. + AW 

s М. | 

LONE | CFI. ee ji 

Host, I-methylcyclohexcne 
Т 
—, 


Еа 


^ 
= СИ. thule or none tormed! 
и 


"E 


methylenecyclohexane 


The nucleophile inthe Willie alkene ss nthesis isa tpe ot re An ylid (sometimes spelled 
videtis any compound with opposite charges on adjacent, covalentiy bound atoms, each of 
Which has an electronig octet, 
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each charged atom 
has 1 complete octel 


^ 


жш 
Ph 


art vind 


Because phosphorus, like sulfur (Sec. 10.81, can accommodate more than eieht valence eleg- 
trons. a phosphorus viid has an uncharged resonance structure. 


phosphorus shares 
10 electrons 


+ | 
pn Cer, я> Ph. cH, | ГГ 72 


Atthough the structures of phosphorus vlids. are sometimes. written with phosphorus- 
varhon double bonds, the charged structures. in which each atom has an octet of electrons, are 
very important contributors, 

The mechanism of the Witte alkene synthesis, like the mechanisms of other carbony! 
reactions, involves the reaction of a nucleophile at the carbons] carbon. The nucleophile in the 
Wittig synthesis 1s the anionic carbon of the lid, The amonte oxygen in the resulting species re- 
acts with phosphorus to form an ovaphiosphetane intermediate; (An oxaphosphelane is a satu- 
rated four-membered ring containing Both oxygen and phosphorus as ring atoms. i 


\ 


\ т. Scr Sü: 
C=O: HjC--Phh, ——= > —~ NE 19.73 
£% j НС -— PPh, H.C — PPh, 


~ an lid 
an oxaphosphetane 


Under the usual reaction conditions, the oxuphosphetane spontaneously undergoes a -elimi- 
nation to give the alkene and the by-product triphens iphosphine oxide. 


ic E lr O 
x — > | а: | (19,7 3h 
H;C — PPh, CH. PPh; 
oxaphosphytane Ihe alkene  triphenylphosphine 
product oxide 


The ylid starting material in the Wittig synthesis is prepared by the reaction of an alkyl 
Halide with triphenyIphosphine tPh;P) in an 8,2 reaction to give a péosphionitai sait. 


LN 94 > days + М 
PhP: = H.C— Rr: ——X Ph,P—CH,:Br:7 СИЕ 
d Ww ntes ба 
triphenylphosphine methyl bromide methyltriphenylphosphonium 
bromide 


la phosphantuin salt: 
S9 yield} 


The phesphonium salt ean be converted into its conjugate Buse. the yhd. by reaction with a 
strong base such as an organolithium reagent. 
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+ + "t 
РҺЬ,Р— СН. Bro — Ph;P—CH, + H —CH;CH,CH;CH, + LiBr (19.74b) 


ү an ylid butane 


Li — CH;CH;CH;CH ; 
butyllithium 


To plan the preparation of an alkene by the Wittig synthesis, consider the origin of each part 
of the product, and then reason deductively. Thus, one carbon of the alkene double bond orig- 
inates from the alkyl halide used to prepare the ylid; the other is the carbonyl carbon of the 
aldehyde or ketone: 


К! R? К! R R' R 
\ d + af $ u / 
B => C=0 + PhP—C с> PhP—CH Bro c> Phy: Br—CH (1975) 
Б“ R^ R- n o R R' 
aldehyde or ylid * base alkyl halide 
ketone 


(Again, the arrows used in this retrosynthetic analysis are read “implies as starting material.) 
This analysis also shows that, in principle, two Wittig syntheses are possible for any given 
alkene; in the other possibility. the R! and R^ groups could originate from the alkyl halide and 
the R? and R* groups from the aldehyde or ketone. However, remember that the reaction used to 
form the phosphonium salt is an S,2 reaction; consequently, this reaction is fastest with methyl 
and primary alkyl halides. In other words, most Wittig syntheses are planned so that the most re- 
active alky! halide can be used as one of the starting materials. 

One problem with the Wittig alkene synthesis is that it gives mixtures of E and Z isomers. 


Ph H Ph 
3 + — P ж \ / N 
PhCH,C| — =e phCH,—PPh, Cl — еа с=с + с=с (19.76) 
г Жаз. a qux 
H Ph H H 
(62% yield) (20% yield) 


Although certain modifications of the Wittig synthesis that avoid this problem have been de- 
veloped, these are outside the scope of our discussion. 


| Study Problem 19.6 


Outline two Wittig alkene syntheses of 2-methyl-1-hexene. Is one synthesis preferred over the 
other? Why? 


Solution The analysis in Eq. 19.75 suggests that the "right-hand" part of the alkene can be de- 
rived from the ketone 2-hexanone: 


T ar 
H,C==CCH,CH,CH,CH, => Ph;P—CH. + O—CCH;CH;CH;CH, (19.77) 


CH; D CH, 
2-methyl-1-hexene Ph;P: + CHI 2-hexanone 
methyl 
iodide 


Another possibility, however, is that the "left-hand" pan of the alkene is derived from formalde- 
hyde: 
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T "+ 
o. г> Ph,P—C-—CH;CH;CH,CH, с> PhP: + A pensio (19.78) 


CH; CH; CH, 
2-methyl-1-hexene + H;C—O 2-bromohexane 
formaldehyde 


Although both syntheses seem reasonable, the latter one (Eq. 19.78) would require an S42 reac- 
tion of triphenylphosphine with a secondary alkyl halide, whereas the former one (Eq. 19.77) 
would require an S,,2 reaction of triphenylphosphine with a methyl halide. The first reaction is 
preferred because methyl halides are much more reactive than secondary alkyl halides (Sec. 
946). 


Discovery of the Wittig Alkene Synthesis 
The Wittig alkene synthesis is named for Georg Wittig (1897-1987), who was Professor of Chemistry 
at the University of Heidelberg. Wittig and his co-workers discovered the alkene synthesis in the 
course of other work in phosphorus chemistry; they had not set out to develop this reaction explic- 
itly. Once the significance of the reaction was recognized, it was widely exploited. Wittig shared the 
1979 Nobel Prize in Chemistry with Н. С. Brown (Sec. 19.8). 

The Wittig reaction is not only important as a laboratory reaction; it has also been industrially 
useful. For example, it is an important reaction in the industrial synthesis of vitamin A derivatives. 


Hitwise se NS [9.34 Give the structure of the alkene(s) formed in each of the following reactions. E 


(а) СН,СН PhiP |  butyllithium acetone 


iene: Sue. = Нан — шшш, 


19.35 Outline a Wittig synthesis for each of the following alkenes; give two Wittig syntheses of the 
ae in part (a). 


(сне A jas CH 42 
асыгы. 


(mixture of cis and trans) 


(c) 
сњон= > 


OXIDATION ОЕ ALDEHYDES TO CARBOXYLIC ACIDS 


Aldehydes can be oxidized to carboxylic acids. 


KMnQ,4/Nat ) 
Pa ae — ЊО. CHQCH;CH,CH,CH— CO,H — (19:79) 
CiHs C,H; 
2-ethylhexanal 2-ethylhexanoic acid 


(78% yield) 
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Other common oxidants, such as aqueous Cri VI) reagents. also work in this reaction. These 
oxidizing agents are the «ame ones used for oxidizing alvohols (Sec. ТОБА, 

Some aklehscde oxidations begin as addition reactions. For example. in the oxidation of 
aldehydes by Cr VI) reagents. the йке, not the aldehyde. is actually the species oxidized. 
(See Eq. 10,39, p. 460.4 


O Oll OQ 
| 


| aur | 
R-C—H- HO a R—C—H CEE Rc Ho екй 


in Ое Ci 


the aldehyde 
hydrate 


That is. the "aldehyde" oxidation is really an “aleohol” oxidation. the “alcohol” being the hy- 
drate formed bs addition of water ro the aldehyde carbons | eroup. For this reason, same water 
should be present in solution so that aldehyde oxidations with Cro Dr occur aba reasonable 
rale. 

[n the laboratory. aldehydes van be com eniently oxidized to carboxs lic acids with Аю) 


reagents, 
== COL 
PEN SH ES 
d 
ARO [ HT- water | ED ДЕЛЕ 
1 MU L 
s 27 w 
3-cyclohexenecarbaldehyde 3-cyclohexenccarboxytic acid 


THAT ук! 


The expense of sibher limits Их use lo small-scale reactions. as à rule; However. the Ag O ox- 
idalion 15 especially hands when the aldehyde ta he oxidized contains double bonds or alco- 
hol — OI T groups. tunctional groups that reget with other oxidizing reagents but do not react 
with Ag. O. 

Sometimes. as in Eu. 19.8]. the А Dos used as a slurs of brown Ag.O. which changes Lo 
a hlack precipitate of silver metal as the reaction proceeds. H the silver ion is solubilized as Hs 
ammonia complex, Ан NH irs; oxidation of the aldehyde 1s accompanied bs the deposition of 
а metallic silver mirrer on the walls of the reaction vessel, This observation ean be used asa 
com enient test [or akdehydes. known as ihe Tollens test. 

Klans aldehydes are oxidized by the oxygen in aic upon standing tor a long ume. This 
process, another example of етого (Sec. 18. E EL). is responsible for the contamination of 
«ome aldehyde simples with appreciable amounts of varboxs lie аза. 

Ketones cannol he oxidized without breaking carbon-carbon bonds (see Table 10.6. 
p. 4581. Ketones are resistant to mild oxidation with Cr Vli reagents. and acetone ean even 
he used as а solvent for oxidations with such reagents. Potassium реготати, howes er. 
oxidizes ketones, and itis therefore not usetul as an oxidizing reagent in the presence of ke- 


lunes. 
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COMES 19.36 Give the structure of an aldehyde C H,O., that would be oxidized to terephthalic acid by 
KMnO,. 


terephthalic acid 


19.37 What product is formed when the following compound is treated with Ag. O? 


The most important commercial aidehyde is formaldehyde. which ts manutactured by the ox- 
idation of methanol over a silver catalyst, 


HOH BSE Ceo (19.82) 
About 10 billion pounds of formaldehyde. valued at approximately 801,5 billion, i$ produced 
annually in the United States. 

The single most important use of formaldehyde ts in the synthesis of à class of polymers 
known as pAtenol-furmaldehvde resins; (A resin is à polymer with a rigid three-dimensional 
network of repeating units) Although the exact structure and properties of a 
phenol-rormaldehyde resin depend on the conditions of the reaction used to prepare it. a tyvp- 
ical segment of such a resin сап be represented schematically as follows, in which the red CIT. 
groups соте from formaldehyde. 


OH 
CH; CH, y" | OH 
CH. 
OH 
CH, eH,” б “CH” 
OH OH OH 


Phenol—-tormaldehyvde resins are produced by a variation of the Friedel-Crafts alkylation in 
which phenol and formaldehyde are heated with acidic or basic catalysts. The formaldehyde 
in some cases rs supplied in the form of its addition product with ammonia. Various formula- 
lions of these resins are used for telephones. adhesives in exteriar-grade plywood. and heat- 
«tahle bondings for brake ltnings. A phenol—formaldehyde resin called Bakelite, patented in 
[909 hy the Belgian imnugrant leo H. Baekeland, was the first useful synthetic polymer, 
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Because formaldehyde, a known carcinogen, 15 used extensively in the manufacture of some 
construction materials, some concern has developed about formaldehyde release in confined 
environments in which such materials have been used. This concern received particular focus 
when it was discovered in 2006 that the trailers provided as temporary housing to victims of 
Hurricane Katrina by the Federal Emergency Management Agency (FEMA) contained 
formaldehyde levels that were 4—7 times the federally-mandated limit. Formaldehyde-based 
construction materials were used extensively in these trailers. 

Acetone, the simplest ketone, is co-produced with phenol hy the autoxidation—rearrangement of 
cumene (Sec. 18.11). The U. S. production of acetone is estimated at 6.8 billion pounds with 
a value of over $100 billion. Acetone itself finds use as an important solvent, and acetone 
cyanohydrin, which is produced from acetone (Eq. 19.15, p. 907), is a starting material for the 
production of poly(methyi methacrylate), an important polymer (Table 5.4, p. 216). 


KEY IDEAS IN CHAPTER 19 


W Thefunctional group in aldehydes and ketones is the 


carbonyl group. 


Aldehydes and ketones are polar molecules. Simple 
aldehydes and ketones have boiling points that are 
higher than those of hydrocarbons but lower than 
those of alcohols. The aldehydes and ketones of low 
molecular mass are very soluble in water. 


The carbonyl stretching absorption near 1700 cm™' is 


the most important infrared absorption of aldehydes 
and ketones. The proton NMR spectra of aldehydes 
have distinctive low-field absorptions at 5 9-11 for 
the aldehydic protons, and a-protons of both aldehy- 
des and ketones absorb near 6 2.5. The most charac- 
teristic absorptions in the "C NMR spectra of aldehy- 
des and ketones are the carbonyl carbon resonances 
at 6 190-220, Aldehydes and ketones have weak 
n — т* UV absorptions, and compounds that contain 
double bonds conjugated with the carbonyl group 
have т m* absorptions. a-Cleavage, inductive 
cleavage, and the McLafferty rearrangement are the 
important fragmentation modes observed in the 
mass spectra of aldehydes and ketones. 


Aldehydes and ketones are weak bases and are proto- 
nated on their carbonyl oxygens to give a-hydroxy 
carbocations.The interaction of a proton or Lewis acid 
with a carbonyl group activates it toward addition re- 
actions. Proton-catalyzed additions, Grignard addi- 
tions, and hydride reductions provide examples of 
such activation. 


B The most characteristic carbonyl-group reactions of 


aldehydes and ketones are carbonyl-addition reactions, 
which, depending on the reaction, occur under acidic 
or basic conditions or both. Cyanohydrin formation 
and hydration are examples of simple reversible car- 
bonyl additions. Hydride reductions and Grignard re- 
actions are examples of simple additions that are irre- 
versible. Addition occurs by reaction of a nucleophile 
at the carbonyl carbon. The direction of approach of 
the nucleophile, from above or below the carbonyl 
plane, is governed by its interaction with the т* MO of 
the carbonyl group. 


Acetal formation is an example of addition to the 
carbonyl group followed by substitution. Acetals can 
be formed in acidic alcohol solvents and converted 
back into aldehydes or ketones in aqueous acid, but 
are stable to base. They make excellent protecting 
groups for aldehydes and ketones under basic condi- 
tions. Hemiacetals are intermediates in acetal for- 
mation. 


Imine formation, enamine formation, and the Wittig 
alkene synthesis are examples of addition to the 
carbonyl group followed by elimination. 


The carbonyl group of an aldehyde or ketone can be 
reduced to a methylene group by either the 
Wolff-Kishner or the Clemmensen reduction. 


940 CHAPTER 19 * THE CHEMISTRY OF ALDEHYDES AND KETONES. CARBONYL-ADDITION REACTIONS 


в Aldehydes are readily oxidized to carboxylic acids; ш Aldehydes and ketones can be converted into alco- 
ketones cannot be oxidized without breaking car- hols (Grignard reactions, hydrogenation, and hydride 
bon-carbon bonds. reductions), alkenes (Wittig synthesis), and alkanes 

(Wolff-Kishner and Clemmensen reductions). 


Er 


REACTION (nen For a summary of reactions discussed in this chapter, see Section R, Chapter 19, in the Study 
Guide and Solutions Manual. 


ADDITIONAL PROBLEMS 


19.38 Give the products expected (if апу) when acetone re- (e) Zn amalgam, НСІ 
acts with each of the following reagents. th) CH,C H==PPh, 
(a) H,O* 
(b) NaBH, in CH,OH, then H,O 19.40 Sodium bisulfite adds reversibly to aldehydes and a 
(c) CrO, pyridine few ketones to give bisulfite addition products (see 
(d) NaCN. pH 10. Н.О Fig. P19.40). 
(e) CH,OH (excess), H 50, (trace) (a) Write a curved-arrow mechanism for this addition 
i [ \ ee reaction: assume water 15 the solvent. 
‚ trace of acid 

N (h) The reaction can be reversed by adding either 

H Н.О“ or СОН. Explain this observation using Le 
(g) semicarbazide, dilute acid Chátelier's principle and your knowledge of 
(h) CH,MgL ether, then Н.О" sodium bisulfite reactions from general or inor- 
(i? product of part (b) + Na.Cr,O, in H,SO, ganic chemistry. 
(j) product of part (h) + H,50, (c) Deduce the structure of the bisulfite addition prod- 
ik) H.. РО, uct of 2-methylpentanal. 
(1 H.C—PPh; 
an) Zn amalgam. НС] 19.41 Each of the reactions shown in Fig. P19.41 gives a 

mixture of two separable isomers. What are the two 
19.39 Give the product expected (if any) when butyraldehyde isomers formed in each case? 
(butanal) reacts with each of the following reagents. 
(a) PhMgBr. then dilute Н.О" 19.42 Give the structures of the four separahle isomers with 
(b) LiAIH, in ether. then НО” the formula СУН „О, that are formed in the acid-cat- 
(c) alkaline KMnO,. then H,O* alyzed reaction of hexanal with glycerol t 1,2,3- 
(9) aqueous H;Cr,O. propanetriol . 
(e) NH,OH, pH = 5 
(f) Ag,O 
ni n T ы 


Nat H—$—Q:- == Nat -z$—0H|-* R—CH ж== R—CH 


| "CMM 
Сү: 19r 0—5—0 
sodium bisulfite ш. Nat 


Figure P19.40 


19.43 (a) What are the two constitutionally isomeric cyclic 
acetals that could in principle be tormed in the 
acid-catalyzed reaction of acetone and glycerol 
(1,2.4-propanetriol}? 

(b) Only one of the two compounds is actually formed. 
Given that it can be resolved into enantiomers. 
which isomer in part (a) 15 the one that 1s produced? 


19.44 Give the structures of the two separable isomers 
formed in the following reaction. 


acid catalyst 


+ Ph—CH=0O 
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19.45 Complete the reactions given in Fig. P19.45 by giving 
the principal organic product(s). 


19.46 Using known reactions and mechanisms discussed in 
the text, complete the reactions given in Fig. P19.46 on 
p. 942. 


19.47 (a) Complete the series of reactions in Fig. P19.47 
(p. 942) by giving the major organic product. 
(bi Show how the same product could be prepared 
from hydroquinone monomethyl ether ( p- 
methox yphenol). 


іа) С} 


Hot 
"Tuc d + LAIH; ——= E a. 


(b) PhCH-O + H,C—CH—PPh, —- 
Figure P19.41 


(а) а 
o ) + NHOH . pyridine |. 

(b) 
o= у—сн, + CHOH 
isalvent! 


(c) 


| | HC] (catalyst ) 


H,C—C—C—H + CH,OH 


(solvent) 


(di CH; O CH; 


| | 
HOCH.CHCH;CH;CCH,CH,CHCH;OH 


(е) C 


ether 


| 
Ph—C—CH,CH, + Ph—MgBr ——— 


propiophenone 


a 
CH, | + Ph,P e 


benzene 


CH;Br 


Figure P19.45 


CH3CHoCH3CH; — Li 


p-teluenesulfonic acid (catalyst) 


(С-Н 40) 


H Kp WH (catalyst) 


SSS Le Ai a 


benzene 


Н.о 


Ph;C—O 
— == 


ü O 
2 PhLi Н | | H 
A PhLi == к — 
» > > ew 
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19.48 A compound A, C,H;O, when treated with Zn amal- 
gam and НСІ, gives a xylene (dimethylbenzene) iso- 
mer that in turn gives only one ring monobromination 
product with Br, and Fe. Propose a structure for A. 


19.49 Suggest routes by which each of the following com- 
pounds could be synthesized from the indicated start- 
ing materials and any other reagents. 

(a) I-phenyl-1-butanone (hutyrophenone) from bu- 
tvraldehyde 

(b) 2-cyclohexyl-2-propanol from cyclohexanone 

(с) cyclohexyl methyl ether (methoxycyclohexane) 
from cyclohexanone 

(d) PhCH,OCH,Ph (dibenzyl ether) from benzalde- 
hyde as the only carbon source 

(e) 2.3-dimethyl-2-hexene from 3-methyi- 
J-hexanone 

(f) 2,3-dimethyl- ] -hexene from 3-methyl- 
2-hexanone 


ig) 
CH, 
HC 
from (Z}-5.6-dimethyl-5-decen-1.10-diol 
(h) 


CH, 
Н.С 


froin the starting material for рап (р) 


(1) 1,6-hexanediol from cyclohexene 
(j) 1-butyl-4-propylbenzene from benzene 


(a) 0) 
PhP” О 


(Hint: See Eqs. 19.73a-b, р. 934.) 


(b) 


| " 
CH,CH,CH;CCH, + H;N—Ph "— Nin 


(k) 
| [rom benzaldehyde 
CH as the only source 
i х of carbon 
(1) 
. CH: 
HC j cH 
P je бот — O—CH m —CH —CH; 
o 


CH, 

(Hints: 1. BH, in THF reduces aldehydes and ke- 
tones to alcohols: you need a protecting 
group. 

2, Can you find an aldehyde lurking 
somewhere in the target molecule?) 


(m) С] 
| | 
H;C—C D from bromobenzene 
(n) CH; 
(CH;},C=CH F d 
мэ ! 4 
А 
CH, 


from bromobenzene using a Heck reaction 


19.50 (а) The following compound is unstable and 
spontaneously decomposes to acetophenone and 
HBr. Give a mechanism for this transformation, 


OH 
Ph —C-—CH; 


Br 


NaBH, NaH 
———— 
CHCH 


МаВН+ 
CHOH 


(Hint: The C=N bond undergoes addition much like the C—O hond.) 


Figure P19.46 


. 


| 


Figure P19.47 


H;NNH;, NaOH 


AIC], HiO* heat 
"E NL. cum 


ethylene glycol 


Кы] 


19.52 


19.53 


(hb) Use the information in part Car to complete the Po- 
lowing reaction: 


ЕКЕ 


H.C=CH— Br + ОО, ———= 


The product А of the reaction given in Fig. P19.5] 
hydrolyzes in dilute squeous acid to give 
acetophenone. Оет A. and give а mechanism for 
ils formation that accounts For Ue reeiesclecuvity of 


the reactor. 


Acetals can be used as protecting groups for alcohols. 
(One such protecting group is the retraofiydropyrany! 
ether VTHP ethers, 

Сз, 


Ды 


BO () 
а I HP ether 


ТНР ethers are introduced by treating an alcohol with 
dihydropyran and p-toluenesulfonic асы catalyst. 


"PLN р ү, "ut 
suhan acn 
ROH + | Шелли PD 
ч” RO “O 
dihydropyran 


THP ethers are stable to base but are rapidly removed 
hy шше aqueous avid. 
(a) Give the structure ef the product formed (in addi- 


tian te the zicohel ROH) when а THP ether i 
treated with aqueous асы. 


th} Using the THP protecting group as part of our 
strategy, outline a snthesis of 2-methyl-2.6- 
hexanediol from -4-hromo- | -butanol. 


What are the starting materials for the synthesis of 
each of the following imines? 
HE 


CH ,CH»CH.CH.—Cll=N— NH -OCH 


Ph CzmC— lil + CHOI 


ОС 


Figure P19.51 


19.54 


[9.55 


19.56 


19.57 


„ум. 
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(b) 


= 


N 


Compound A, C, HO, which gave à negative Tollens 
test, was treated with LIATH, followed by dilute avid. 
to give compound В. which could be resolved into 
enantiomers. When optically active B was treated w ith 
CTO , in pyridine. an optically inactive sample of A wils 
ubtaimeid. Heating A with hydrazine in hase gave hy- 
drocarhen C, «hich, when heated with alkaline 
KMnO,, gave carboxylic acid D. Identity all of the 


compounds and explain sour reasoning. 


HOC „л „СОН 


X 
Hunc со 


fl 


Compound A. C,H, .0.. was Found to he oprivally ac- 
live, and it was slowly oxidized to ап optically active 
carboxylic acid 8, C,H pOh by A Agi NH). Oxidation 
of A by anhydrous CrO, gave an optically inactive 
compound that reacted with Zn amalgam/HCI to give 
3-methslpeniane, With aqueous Н.С rO, compound А 
wis oxidized to an optically inictive dicarhoxvite 
acid C, C H О... Give structures for compounds A, В, 
and £. 


Remembering that a protonated aldehyde or ketone is à 
(уре of carbocation, and that carbocations are elec- 
trophiles, propose a curved-arro mechanism tor the 
electrophilic aromatic substitution reaction show n in 
Fig. P19.56 on p. 944. (бес Sec, Ho AE! 


Bisphenol A is used in the manufacture of polycarban- 
ate plastics. (ts possible carcinogenicity has become а 
cause for concern.) Bisphenol А is prepared by the 
acid-catalyzed reaction of acetone with two equis alents 
af phenol t Fig. PEIST. p. 9441. Provide à cursed-arrow 


mechanism for this reaction. 


[А] SU O1 


944 


[9.55 
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From your knowledge of the reactivity of LiAIH,. as 
well as the reactivity of epoxides with nucleophiles. 
predict the product (including stereochemistry, if ap- 
propriate) in each of the following reactions: 


19.61 (a) You are the chief organic chemist for Bugs and 


Slugs. Inc.. a firm that specializes in environmen- 
tally friendly pest control. You have been asked to 
design a synthesis of 4-methyl-3-heplanel, the ag- 


(а) Р gregation pheromone of the European elm beetle 
O + LAID, = i (the carrier of Dutch elm disease). Propose a syn- 
thesis of this compound from starting materials 
(Б) О containing five or fewer carbons. 
HAC “fc Б + ШАН, ж Hor (b) Atter рине у campieting the ишн Bm 
(a) and delivering your compound, vou are advised 


D D : э 
that it appears to be а mixture of isomers. Assum- 


ing that you have prepared the correct compound, 
С „i " ый Кы 7 à "a и, = Е " ЗР P a. A . 
19.59 Thumhs Throckmorton, à graduate student in his provide an explanation. 
twelfth year of study, has designed the synthetic proce- 


dures shown in Fig. P19.59. Comment on what 19.62 Identify the following compounds. 
(a) C,;H,0. NMR: 6 2.82 (6H, 5). 6 8.13 (4H. s) 
[R: 1681 cm^', no O—H stretch 


(p) CHO NMR: 69.8 (1H, s), 81.1 (09H. s) 


problems (if any) each synthesis is likely to encounter. 


19.60. Give curved-arrow mechanisms for the reactions given 
in Fig. PI9.60. 


chloral 


бе 

"gt Н%0, - : ғ 

ClC—CH-—0 + X 2-9 + aK jor ja + HO 
DDT 


chlorobenzene 
(an insecticide} 


Figure P19.56 


о T 
HO 
CH,CCH,; + 2 ( д-н E cv wo у—©—{ унон + Ho 
CH; 


bisphenol A 


Figure P19.57 


(a) о | re ү 
УН A | 
сЗ. ox : CaHsMgBr Hawt P E- 
H4C s ————— OE Y X, 7-0 
С-Н; 


CHa CH ihi Ph— CH= 0 


bi 
Ph;P + (CH;),CCH,Rr ж PhCH = CHCtCH,) 


Figure P19.59 
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(c CHO NMR in Fig. P19.62 19.64 Trichloroacetaldehyde, Cl, C —CH—20O. forms a cyclic 
IR: 1701 cem ', 970 em trimer analogous to paraldehyde (Eq. 19.52. p. 924). 
UV: Ana = 215 te = 17,400), (a) Account for the fact that two forms of this trimer 
329 (e = 26) are known (a, bp 223 °C and mp 116 °C; B. bp 
250 °C and mp 152 °C). 
[9.63 Identify the compound with the mass spectrum and (b) Assume you have in hand samples of both the c- 
proton NMR spectrum shown in Fig. P19.63 on and 8-forms, but you do not know which is which. 
p. 946. This compound has IR absorptions at 1678 Show how NMR spectroscopy could be used to 
стт! and 1600¢m7'. distinguish one isomer from the other. 
(a) 9 l (b) 7^. 
Ph—c—Pph S ph—C-—Ph (CHOP: + H)C—CH —CH,. —* (CH,04P—0O + H.C—CHCH, 
(c) снн, 
" O—CH  CH-O 
(d)H CH, (e) CH; 
— acid (7 С) 
3CH,CH=0 w HE p 
acetaldehyde HC О CH; 
paraldehyde 
Figure P19.40 
chemical shift, Hz 
2400 2100 1800 1500 1200 - 900 - 600 400 (} 


Ys RE | у 


à 9.5] 
(off scale) 


8 : = Жо ОБ NU 3 ? Е lar. 
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Figure P19.62 The NMR spectrum for Problem 19.62(c) The relative integrals are indicated in red over their re- 
spective resonances. The horizontal scales of the insets are identical. 
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19.65 Starting with any organic compound you wish, outline 19.66 Offer a rational explanation for each of the following 

synthetic procedures for preparing each of the follow- observations. 

ing isotopically labeled materials using the indicated (a) Although biacetyl (2,3-butanedione) and 

source of the isotope. |, 2-cyclopentanedione have the same type of func- 

(а) HOH tional group, their dipole moments differ substan- 

tially. 
Ph—CH—CH,— Ph using Н„!#О 
О 
(b) OH 
| Hu — 6—6, = 
Ph — CD — CH; —Ph using LAID, и ч 
biacetyl 
и = 1.04 10 |,2-cyclopentanedione 
ы = 2.210 

100 | = 183 
2 80[- 
= 
a- | 155 
= 60r 
5 | | 
9 ду 43 157 

0 
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Figure P19,63 The mass spectrum and NMR spectrum for Problem 19.63.The relative integrals in the NMR spec- 
trum are indicated in red over their respective resonances. 
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(b) When acetaldehyde is mixed with a tenfold excess 19.67 Identify the compound С-Н „О that has an IR absorp- 
of ethanethiol, its л — 7* absorption at 280 nm is tion at 1703 ст! and the proton NMR spectrum 
nearly eliminated. shown in Fig. P19.67. 


(c) Compound 4 has a much weaker IR carbonyl ab- 
19.68 Identify compound A, C,H,,0,, which has an IR 


thes fpe Qe MEUM, vex det уы м 
CH—O CH—O absorption at 1710 ст” (no absorption in the | 
3200-3400 стт! region). as well as the following 
= Ауу ^C NMR-DEPT spectrum (attached hydrogens in 
CH;OH CHCH; parentheses): 8 30.6 (3), 8 47.2 (2), 8 53.5 (3), 


À B à 101.7 (1), 6 204.9 (0). One of the proton NMR 
absorptions of compound À is a singlet at ó 2.1. 


sorption than compound B. 


chemical shift, Hz 
2400 2100 1800 1500 1200 900 600 300 0 


ы 
= 
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Figure P19.67 The NMR spectrum for Problem 19.57. The relative integrals are indicated in color over their re- 
spective resonances, 


The Chemistry о 
Carboxylic Acids 


The characteristic functional group in a carboxylic acid is the carboxy group. 


O carboxy group 


MUTET condensed structure 


(a simple carboxylic acid) 


Carboxylic acids and their derivatives rank with aldehydes and ketones among the most im- 
portant organic compounds because they occur widely in living organisms and because they 
serve important roles in organic synthesis. This chapter is concerned with the structures, prop- 
erties, acidities, and carbonyl-group reactions of carboxylic acids themselves. Chapter 21 is 
devoted to a study of carboxylic acid derivatives. 

This chapter also surveys briefly some of the chemistry of sulfonic acids. 


С) sullanic acid group 
НС —3——DM H,C— SH 


| condensed structure 


methanesulfonic acid 
(a simple sulfonic acid) 


NOMENCLATURE OF CARBOXYLIC ACIDS 


A. Common Nomenclature 


Common nomenclature is widely used for the simpler carboxylic acids. А carboxylic acid is 
named by adding the suffix ic and the word acid to the prefix for the appropriate group given 
in Table 19.1 on p. 890, 
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.- 


pretia (Table 19.1, p. 8905: avet + ierit acetic acid 


E 


—\ | 
X Кы 


henze ссни! = benzoic acid 


Some of these names owe their origin to the natural source of the acid. For example. formic 
acid occurs in the venom of the red ant ttrom the Latin fennica, meaning "ant k acetic acid is 
the acidic component of vinegar t from the Latin сети, meaning "vinegar 9 and butyric acid 
Is the foul-«melling component of rancid butter то the Latin Perynn, meamng “butler i 
The common names of carboxs he acids, giver in Table 20.1 on p. 930, are used as mugh or 
more than the substituliye names. 

As With aldehydes and ketones. substitution in the common system is denoted with Greek 
letters rather than numbers. The position edjacea to the carboxs group is designated us n. 


IC. CIL. CH e OH 
Br 


a-bromobutyric acid 


In common nomenclature. the position of the substituent is omitted if 11 1s unambiguous. Thus, 
ССН СОСН is named ehloroacetie acid rather than a-chloroacetie acid. 

Curboxs lie acids with two carboxy groups are called dicarboxylic acids. The unbranched 
dicarboxylic acids are particularly important and are. invariably known by their common 
names, Some important dicarboxs lic аск are also listed in Table 20. 1. 

CH; 
HO =н. —CO.H Пеко: — El] HOC—UCIHECCH: — CO. 
succinic acid CH, Cli 
methylmalonic acid f]. p-dimethylglutaric acid 
Anemone device used by generations of organe ehemistry students tor remembering the 
names of the divarboxvyIie acids is the phrase. "Oh. My, Such Good Apple Pie in which the 
Hirst letter of each word corresponds to the name of successive dicarhosylIie acids? охан, mial- 


onic, миссис. ена. adipic. and pintelie acids. 
Phthalie acid is an important aromatic dicarboxylie aci. 


CO.H 
ты. 
CO.H 


phthalic acid 
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UELLE Names and Structures of Some Carboxylic Acids 


Systematic name 
methanoic* acid 


ethanoic* acid 


propanoic acid 


butanoic acid 


2-methylpropanoic acid 


pentanoic acid 


3-methylbutanoic acid 


2,2-dimethylpropanoic acid 


hexanoic acid 


actanoic acid 


= 


decanaic acid 
dadecanoic acid 
tetradecanoic acid 
hexadecanoic acid 
octadecanoic acid 
2-propenoic* acid 
2-butenoic* acid 


benzoic acid 


ethanedioic* acid 
propanediaic* acid 
butanedioic* acid 
pentanediaic* acid 
hexanedioic* acid 


heptanedioic* acid 


Common name 


formic acid 


acetic acid 
propionic acid 
butyric acid 
isobutyric acid 


valeric acid 


isovaleric acid 
pivalic acid 
capraic acid 
caprylic acid 
capric acid 
fauric acid 
myristic acid 
palmitic acid 
stearic acid 
acrylic acid 
crotanic acid 


benzoic acid 


Dicarboxylic acids 


oxalic acid 
malonic acid 
succinic acid 
giutaric acid 
adipic acid 


pimelic acid 


Structure 


HCO,H 


CH,CO.H 
CH,CH;CO;H 
CH,CH,CH,CO.H 
(CH,),CHCO.H 
CH,{CH,},COH 
(CH,),CHCH,CO,H 
{CH} COCOH 
CH,(CH,},CO,H 
CHCH} COH 
CHCH); COH 
CH,(CH,),,CO5H 
CH,(CH,},,CO,H 
CHCH; COH 
CH,(CH,),,CO,H 
H,C—CHCO;H 
CH,CH—CHCO,H 
PhCO,H 


HO,C—CO;H 
HO,CCH,CO,H 
HO,CICH,J,CO,H 
HO,C(CH,},CO,H 
HO,C(CH,),CO,H 
HO,C(CH,},CO,H 


EI 
COH 


1,2-benzenedicarboxylic* acid phthalic acid 
HO;C 5n ;H 
^ 
(Z)-2-butenediocic* acid mateic acid Р 
x 
H H 
HOC H 
| C=C 
(E)-2-butenedioic* acid fumaric acid Н COH 


*The common name is almost always used instead. 
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Many carboxylic acids were known long before any system of nomenclature existed. and 
their time-honored traditional names are widely used. The following are examples of these. 
COH 
OH 


Ai —tCH—CE—COUJ Ph— CH=CH —CO.H 
l 
(M1 OH cinnamic acid 


salicylic acid 


tartaric acid 


Substitutive Nomenclature 


A carboxsliv acid is named. systematically by dropping the Anal e from the name of the 
hydrocarbon with the same number of carbon atoms and adding the sullix erc and the ward 
acid. 

() 


CH,CH,—C—OU 


propane + ufe dete T propanaic acid 
The final & is not dropped in the name of dicarboxylic acids. 
HO. —CHLCH CH CH .CHACTI,—CO.H 
octanedioic acid 
When a carboxylic acid ts derived from a cyelie hydrocarbon, the suffix carbexyfie and the 


word aerd are added to the name of the hydrocarbon. (This nomenclature ts similar to that for 
the corresponding aldehydes: Sec. 189.1 B.) 


COH 
a ^ Á 
` - - - 
жай Нок: CO-TI 
— s : M. 7 : 
cyclohexanecarboxylic acid 1,2,4-benzenetricarboxylic acid 


One exception to this nomenclature is benzoic acid (p. 949). [or which the IUPAC recognizes 
the common namo. 

The principal chain in. substituted carboxylic. acids is numbered, as in. aldehydes, by 
assigning the number | to the carbonyl carbon. 


CH; 
НС СН СН CH.—CO.H 
3-methylpentanoic acid 


This numbering scheme should be contrasted with that used in the common system. in which 
numbering Беит with the Greek letter e at carbon-2. 
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Study Problem 20.1 


In carboxvlic acids derived from cyclic hydrocarbons, numbering begins at the ring carbon 
bearing the carboxy group. 


4-methylcyclohexanecarboxylic acid 4-bromobenzoic acid 
or p-bromobenzoic acid 
When carboxylic acids contain other functional groups, the carboxy groups receive priority 
over aldehyde and ketone carbonyl groups, hydroxy groups, and mercapto groups for citation 
as the principal group. 


Priority for citation as principal group: 


] jg 
—C—O8 к> -—.—HI&—— > eS — Ы (20.1) 


HC H 
Мың О 
N | | 
Н ia Ge Ae ME 
OH 

Solution First. decide on the principal group. From the order in Eq. 20.1, the carboxy group has 
highest priority. The aldehyde oxygen and the hydroxy group are treated as substituents. The 
structure has seven carbons and one double bond and hence is a heptenoic acid. The carboxy 
group is given the number 1; hence. the double bond is at carbon-5, and the molecule is a 5-һер- 
tenoic acid, The —OH group is named as a 4-hydroxy substituent, and the aldehyde oxygen as a 
7-охо substituent. Application of the priority rules for double-bond stereochemistry (Sec. 4.2B) 
shows that the double bond has Е stereochemistry. The name is therefore (E )-4-hydroxy-7-oxo-5- 
heptenoic acid. Although carbon-4 is an asymmetric carbon, its stereochemistry is omitted in the 
name because it is not specified in the structure. 


е ы — ————_. ни LL -(OÍewGàóEm——————————X!dí———————————————— ——————— O 
The carboxy group is sometimes named as a substitutent: 


carboxymethyl group 
HO.C—CH. 


| 


3-(carboxymethyl)hexanedioic acid 


A complete list of nomenclature priorities for all of the functional groups covered in this 
text 15 given in Appendix 1, 
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PROBLEMS 
20.1 Give the structure of each of the following compounds. 


(a) y-hydroxybutyric acid (6) B.8-dichloropropionic acid 

(c) (Z)-3-hexenoic acid (d) 4-methylhexanoic acid 

(e) L4-cyclohexanedicarboxylic acid (f) p-methoxybenzoic acid 
(в) a,a-dichloroadipic acid (h) oxalic acid 


20.2 Name each of the following compounds. Use a common name for at least one compound. 


(a) CH; (b HO,C(CH,),CH(CH,), (c) ОН 
О — COH 
CH;CH; | 
(d) СІ y рр (b | — 00H 
CH; 


cl )— CO.H 


STRUCTURE AND PHYSICAL PROPERTIES 
OF CARBOXYLIC ACIDS 


The structure of a simple carboxylic acid. acetic acid, is compared with the structures of other 
oxygen-containing compounds in Fig. 20.1. Carboxylic acids, like aldehydes and ketones, 
have trigonal geometry at their carbonyl carbons. Notice. moreover, that the two oxygens of a 
carboxylic acid are quite different. One, the carbonyl oxygen, is the oxygen involved in the 
C—O double bond. Figure 20,1 demonstrates that the C=O bonds of aldehydes, ketones, and 
carboxylic acids have the same length. The other oxygen, called the carboxylate oxygen, 15 
the oxygen involved in the C—O single bond. Notice in Fig. 20.1 that the C—O bond in a car- 


boxylic acid is considerably shorter than the C—O bond in an alcohol or ether (about 1.36 A 


Q @ O 
„с = ve 
1279-7 | 5 124777 | = 122277 | = 
f — е - H e. 
ү! b „= 1 aa „у № a, 
Vie » V 
ne us НС E mg һе” ien. 
| 111° 116° l1 р 
acetic acid acetaldehyde acetone 
O MO 
ab 76 
5 А 
мы. чы. ENS P, Dis. 
19 ks? 109 
dimethyl ether methanol 


Figure 20.1 Comparison of the structures of acetic acid and other oxygen-containing compounds. The carbonyl 
compounds have identical C—O bond lengths, and the C—O single bond in a carboxylic acid is shorter than that 
in an ether or alcohol. 
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versus about 1.42 A). The reason for this difference is that the C—O bond in an acid is an 
1 f A 3 1 : 
sp^—sp" single bond, whereas the C—O bond in an alcohol or ether is an sp^-sp" single bond. 


C CH, 


R^ TOH R^ рон (20.2) 


single bond spp" single bond 
[more s charactel (longer) 


| 
therelore SP ey] 


The carboxylic acids of lower molecular mass are high-boiling liquids with acrid, piercing 
odors. They have considerably higher boiling points than many other organic compounds of 
about the same molecular mass and shape: 


OH OQ CH: 
| / A" | ГА 
н, С Н.С СН H;C—C НАС 6 
А, ) \ ^. 
OH CH; CH, CH; 
acetic acid isopropyl! alcohol acetone isobutylene 
boiling point 117.9 °C 82.3 °C 56.5 °C —6,9 °С 


The high boiling points of carboxylic acids can be attributed not only to their polarity. but also 
to the fact that they form very strong hydrogen bonds. in the solid state, and under some condi- 
tions in both the gas phase and solution, carboxylic acids exist as hydrogen-bonded dimers. (A 
dimer is any structure derived from two identical smaller units.) 


hvdri en bond 
TN. - 
ОНЕ 
ff Bs 
Hac —6 G—CH; 


hy d ra gen im nd 


acetic acid dimer 


The equilibrium constants for the formation of such dimers in solution are very large—on the 


order of 10° to 10° M^. (The equilibrium constant for hydrogen-bond dimerization of ethanol, 
in contrast, is 11 А.) 


Many aromatic and dicarboxylic acids are solids. For example. the melting points of ben- 
zoic acid and succinic acid are 122 °C and 188 °С, respectively. 

The simpler carboxylic acids are very soluble in water, as expected from their hydrogen- 
bonding capabilities; the unbranched carboxylic acids below pentanoic acid are miscible with 
water. Many dicarboxvlic acids also have significant water solubilities. 


PROBLEM : ; , T7 WM FT , 
E 20.3 Ага given concentration of acetic acid, in which solvent would you expect the amount of 


acetic acid dimer to be greater: CC], or water? Explain. 


4 


Further Exploration 20.1 
Chemical Shifts of 
Carbonyl Carbons 


SPECTROSCOPY OF CARBOXYLIC ACIDS 
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IR Spectroscopy 


Two important absorptions are found in the infrared spectrum of a typica) carboxylic ас, 
One is the C=O stretching absorption, which occurs near 1710 em ^! for carboxylic acid 
dimers. (The [R spectra of carboxvlie acids ure nearly always run under conditions such that 
they are in the dimer form. The carbonyl absorptions of carboxylic acid monomers occur near 
1760 ст” but are rarely observed.) The other important varboxvlie acid absorption is the 
O—H stretching absorption. This absorption is much broader than the O— H stretching ab- 
sorption of an alcehol or phenol and covers a very wide region of the speetrum—typically 
2400-3600 стт. (En many cases this absorption obliterates the C—H stretehing absorption 
al the acido The carbonyl absorption and this broad O—H stretching absorption are illus- 
trated im the IR spectrum of propanoic ас (Pig. 20:22 on p. 956): these absorptions are hall- 
marks of a carboxylic acid. А conjugated carbon-carbon double bond atfects the position of 
the carbonyl absorption much less in acids than it does in aldehydes and ketones. A substan- 
паі shift in the carbonyl absorption 15 observed, however. for acids in which the carboxy group 


is on an aromatic ring. Benzote acid. for example, has a carbonyl absorption at 1680 em". 


NMR Spectroscopy 


The a-protons of carboxylic acids, like those of aldehydes and ketones, show proton NMR ab- 
sorplions in the à 2.0-2.5 chemical shill region, The O—H proton resonances of carboxs Bic 
acids occur at positions that depend on both the acidity of the acid and its concentration. Typi- 
cally. the carboxylic acid OH proton resonanee occurs ut à very large chemical shift, m the 
6 9—|3 region. and in many cases it is broad. [tis readily distinguished from an aldehydie proton 
because the acid proton. Bike an alcohol O— И proton. rapidly exchanges with 1,0 (Sec. 13.6). 
The proton NMR spectrum of ргорало acid is shown in Fig, 20).2h. 

The C NMR absorptions of carboxylic acids are similar to those of aldehydes and ke- 
lones, although the carbonyl carbon of an acid has a somewhat ser chemical shitt than that 
of an aldehyde or ketone. 


Q О 
| | 


( { 
s AS r 
Өн ни” & бы. 


| 0178 | б 206.7 


à 20.6 А Mh 
acetic acid acetone 
This is contrary fo what ts expected from the relative electronegalivities of oxygen and carbon: 


eleetronegative atoms generally cause greater chemical shifts. This unusual chemical shitt is 
caused by shielding effects of the unshared electron pairs on the carboxylate oxy gen. 
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wavelength, micrometers 
2.6 2.8 3 эз 4 435 m zm» © Fi 8 9 IQ 11 12 13 14 1516 


stretch — 
со 4 | 
stretch | CH;CH,—C—OH 


percent transmittance 


0 M 1 : = 5 z Ls с B 
3800 3400 3000 2600 2200 2000 1800 1600 1400 1200 1000 BOG 600 
(a) wavenumber, cm"! 
chemical shift, Hz 
2400 2100 | 1800 1500 1200 900 600 300 Ü 


| p" | | 


С) 
it b | C 
deC- Roh 


611.9 
O—H proton (Н?) 
(offset and 
vertically amplified) 
1H 


E 7 6 5 4 3 2 1 " 
(b) chemical shift, ppm (4) 


Figure 20.2 The spectra of propanoic acid illustrate typical characteristics of carboxylic acid spectra, (a) IR spec- 
trum of propanoic acid. Notice particularly the very broad О —Н stretching absorption. (6) Proton NMR spectrum 
of propanoic acid. The O—H absorption occurs at very large chemical shift, and the chemical shifts of the other 
hydrogens are in about the same positions as shifts of the corresponding protons in aldehydes and ketones. 


| PROBLEMS [im | | ree | 
20.4 Give the structure of the compound with molecular mass = 88 and the following spectra. 


Proton NMR: 61.2(6H,d.J = 7 Hz): 6 2.5 (1H. septet, J = 7 Hz); ô 10 (1H, broad s) 
IR: 2600-3400 cm" (broad), 1720 cm”! 

20.5 Give the structure of the compound C,H.,O,CI that has an IR absorption at 1685 ст”! as well 
as a strong, broad O—H absorption, and the following proton NMR spectrum: 6 7.56 (2H, 
leaning d, J = IO Hz); 8 8.00 (2H, leaning d. J = 10 Hz); 8 8.27 (1H, broad s, exchanges with 
D4O). 

20.6 Explain how you would distinguish between the two isomers a.o-dimethylsuccinic acid and 
adipic acid by (а) "C NMR; (b) proton NMR. 
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ACID-BASE PROPERTIES OF CARBOXYLIC ACIDS 


A. Acidity of Carboxylic and Sulfonic Acids 


The acidity of carboxy He acids is one of their most important chemical properties. This avid- 
ity IS уе to 1onization of the O—H vroup. 


O (з 
ГА A 
cS. т HO == R—C НА?" 0201.3) 
" DT 
G—-H Ог 
carbosxvlic acid carboxylate ion 


The conjugale bases of carboxylHe acids are called generally carboxylate ions. Carboxs late 
salts are named bs replacing the fo in the name of the acid (in any system of nomenclature! 
with the sufliy ure. 


C i} 
f p / 
На S "s 
^ ж. N 
tU NIS om > 
sodium acetate potassium benzoate 


ш coge = acetate 


aa Carboxyiie acii are among the most асе organie compounds: acetic acid. for example, 

STUDY GUIDE LINK 20.1 ЖОР ор - о " "T" | : CR PM —M 

Reactions of Bases has apa, a 4.76. This рА ts low enough that an aqueous solution of acetic acid gives an acid 
with Carboxylic Acids reaction with limus or pH paper. 

Caurboxylie acids are more acidic than alcohols or phenols, other compounds with O Н 


bonds, 


C) 
"2 m | T 
COH —0— СЕ EO a S 
3 S 7 
pA. КЕ ES J.76 


The acidity of curboxs lie acids is due to to factors, First ts tlie poler effect ol the carbons | 
croup, The carbonyl group. hecause of its А-у bridized atoms. the partial positive charge on 
the carbons d carbon. and the presence ol oxygen. Is avery electronegative group, much more 
elecironegatise than the phensil ring ola phenol or the alkyl group of an alcohol. The polar el- 
lect ol the carbonyl group stabilizes charge in the earboxs late ton, Remember that хабан 
ef a conjugate base enhances acidity (Fig. 3.3. p. 113). 

The sevond factor that accounts for the acidity. of carhoxylIie acids is the resonance stabi- 
планот of their conjugate-base carboxylate tons, 


| Со: бе 
и П. -— —- Hi — i CA kd 


STUDY GUIDE LINK 20.2 
Resonance Effect A gre y K 
оп Carboxylic Acid T a 


Acidity сынышы striictures of acetate i0 
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Although typical carboxylic acids have pK, values in the 4—5 range. the acidities of car- 
boxylic acids vary with structure. Recall, for example (Sec. 3.6C), that halogen substitution 
within the alkyl group of a carboxylic acid enhances acidity by a polar effect. 


acetic acid fluoroacetic acid difluoroacetic acid trifluoroacetic acid 
pK, 4.76 2.66 1.24 0.23 


Trifluoroacetic acid, commonly abbreviated ТЕА. is such a strong acid that it is often used in 
place of НСІ and H,SO, when ап acid of moderate strength 15 required. 

The pK, values of some carboxylic acids are given in Tahle 20.2, and the pK, values of the 
simple dicarboxylic acids in Table 20.3. The data in these tables give some idea of the range 
over which the acidities of carboxylic acids vary. 

Sulfonic acids are much stronger than comparably substituted carboxylic acids. 


ЖЕ 
p-toluenesulfonic acid 


(TsOH, or tosic acid) 
a strong acid; pK,  — |] 


One reason that sulfonic acids are more acidic than carboxylic acids 15 the high oxidation state 
of sulfur. The octet structure for a sulfonate anion indicates that sulfur has considerable posi- 
tive charge. This positive charge stabilizes the negative charge on the oxygens. 


pK, Values of Some Carboxylic Acids pK, Values of Some Dicarboxylic Acids 
Acid* PK, Acid* First рК. Second pK, 
formic 3.75 carbonic 3.777 10.33 
acetic j 4.76 oxalic 1.27 4.27 
рторіопіс С 4.87 a matonic 2.86 5.70 
2,2-dimethyipropanoic (pivalic) 5.05 succinic 4.21 5.64 
acrylic 4.26 glutaric 4.34 5.27 
chlorcacetic 2.85 T= adipic 4.41 5.28 
phenylacetic 431 phthalic 2.95 5.41 
benzoic 4.18 "See Table 20.1 for structures. 


*This value, which corrects for the amount of HCO; in aqueous CO, is 


ктен Li ain add the actual pK, of carbonic acid. An often-cited value of 6.4 treats all dis- 
p-nitrabenzoic 3.43 solved CO, as H CO. 

p-chiorabenzoic 3.98 

p-methoxybenzoic (p-anisic) 4,47 

2,4,6-trinitrobenzoic 0.65 


*See Table 20.1 for structures. 


STUDY GUIDE LINK 3.4 


The Difference 
between pK, and pH 
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iQ T6 Tn 
е^ |. 
К — 54—057 -—— R—S 0:7 


| 


7 ia 


sulfonate gnien alef мг шг 


Sullonic acids are useful as acid catalyst in organic solvents because they are more solu- 
ble than most inoreanic acids. For example. p-tofuenesultonie acid is moderately soluble in 
henzene and toluene and ean be used as a strong acid catalyst in those solvents, (Sulfuric acid. 
in contrast, is completely insoluble in benzene and toluene.) 

Many carboss lie acids of moderate molecular mass are insoluble in water. Their alkali metal 
salts. however, are тше compounds, and in many cases ure much more soluble in water. There- 
fore many water-insoluble carboxylic acids dissolve in solutions of alkali metal hydroxides 
(NaOH, KOH) because the insoluble acids are converted completely into their soluble salts. 


"M men 
RCO + Na ОН сү RUSO Ма” BO 


О О 
| 


muore soluble than the И 
carboxylic ИСА] 1m waler i708) 


Even a 5% sodium bicarbonate (NalICO,) solution is basic enough (pH = 8.5) to dissolve a 
carboxy lie acid. This can be understood from the equilibrium expression for the ionization of 
a carboxylic acid RCOSEI with a dissoctation constant А. 


_ [RCO: ИНОТ] 


, i (ОЛ! 
| IRCO.HI 


Ur 


K IRCO;| 


d 


- — ЗЕТ 
[Кем | &COH | 


For the carboxylic acid to dissolve in. water, it must be mostly tonized and in its soluble 
conjugate-base form RCO: that is. in Eq. 20.7b. the ratio [RCOS ]/TRCO,H] has to be forge. 
Ах a practical matter, we ean say that when this ratio is 100 or greater, the acid has been vom- 
pletely converted into its anton. (There 1s no pH at which the acid exists conmpdetely as Их 
anion; but when this ratio is 7 100, the concentration of acid is negligible.) Because А is a 
constant, Fy. 20.76 shows that this ratio can be made large by seking tte hnydrogen-ion Con- 
centration [H,O* | small in comparison with the K of rie acid. Taking negative logarithms of 
Еч. 20.7h gives the following result: 


КСО; 
pH pk, = log- Н 


т (0 fad 
“|КСО.Н! 


(This logarithmie form of the dissociation equalion ts sometimes known as the Henudersenu- 
Hasselbalch equation. MW RCO? |/| RCO.H] is 100. then the logarithm of this ratio ts 22. 
Equation 20.7¢ shows that. for the conversion of an acid into tts anion, the pH of the solution 
must be two or more units greater than the pK, of the acid. Because the pH of à 5% sodium bi- 
carbonate solution is about 8.5. and most carboxylic acids have pK, values in the range 4—5, 
sodium bicarbonate solution is more than basic enough to dissolve a typical acid, provided that 
enough bicarbonate is present that iL is not completely consumed by tis reaction with the аси. 

A typical carboxylic acid, then. can be separated from mixtures with other water-insoluble, 
nonacilie substances by extraction with NaOH. NaCO, or NaHCO, solution. The acid dis- 
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solves in the basic aqueous solution, but поляне compounds do not. Alter separating the 
basig aqueous solution. И can be aeidified with a strong acid to vield the carboxylic acid. 
Which max be isolated by filtration or extraction with orgume solvents, CA similar idea was 
used in the separation of phenols: Sec. 18,7B.1 Carboss tic acids can also be separated from 
phenols by exiraction with 5*2 NaHCO, rf the phenol is not unusually acidic. Because the ph 
of à ts pical phenol is about ТО, it remains largely un-ionized and thus insoluble in an aqueous 
solution with a pH of 8.5. (This conclusion follows from an equation lor phenol ionization 
analogous to Eq. 20.762 


PROBLEMS Р | Е ; C | 
PROBLEMS | 20.7. ta) Write the equations tor the first and second tonizations of succime acid. Label each with 


lhe appropriate pA, values from Table 20,3, 
(by Why ts the first pK, value of succinic acid lower than the second pK, value? 

20.8 Imagine that you have just carried out a conversion of p-bromotoluene mto p-bromobenzoic 
acid and wish to separate the product from the unreacted staring material. Design a separation 
of these two substances that wouk! enable vou Io isolate the purified acid staring with a solu- 
tion of both compounds in methylene chloride. 


B. Basicity of Carboxylic Acids 


Although we think of earboxylie acids primarily as acids. the сатролу ow gens of acids, like 
those of uldehydes or ketones, are weakly haste, 


+ an 
О: ОН ОН 
| c a 


‚> | a T 
R—C—OH ~ HOt > |R СОН «—» R—C—OH | « FLO 


protonated carboxsdiq acid 
pA, 7b PURI 


The bastigity of carboxylic acids plays a very important role in many of their reactions, 

Protonation of an aea on. the селеу exvgen occurs because, as Eq. 20.8 shows, a 
resenanees-stabilized cation ts formed. Protonation on the carbexviate oxygen is much less Га: 
verable because it does not give а resonance-stabilized cation and because the positive charge 
am oxygen m destabilized by the polar etlect of the carbons | group. 


ME EN 
I. | + 
R= R—€—1—H 
resonance stabilized Y 
(Б. EAT 


not гема л; 
docs not term 


FATTY ACIDS, SOAPS, AND DETERGENTS 


Carboxs He acids with long. unbranched carbon chains are called fatty acids because many of 
them are Hberated Irom fats and oils by ahisdrolytie process called sepeniftcation (Suc. 21.74). 
Some fatty acids contain carbon carbon double bonds. Fatty acids with cis double Ponds eccur 


4 
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widely in nature, but those with trans double bonds are rare. The following compounds are ex- 


amples of common Taty acids: 


CH,(CH,),,CO.H or CH4CH;CH;CH:CHSCH;CH;CHsCH;CHS;CH;CH;CH;CH3;CHC.G 1 | 


palmitic acid 
Hrom pain oily 


CECH- SEED COH 
CHACH p COH Car 
stearic acid |1 HI 


Greek steer, meaning allow,” or "beef И”) 
oleic acid 


The sedium and potassium salts of fatty acids. culled soaps, are the major ingredients of 
commercial soap. 
(1 
VENIO ЕТ E N Nuat 


sodium stearate 
m мы! 


Soaps constitute just one type of detergent. A detergent is any substance used for cleaning an 
object (such as cloth} by immersing it in a quid solution, Closely related to soaps are syn- 
thetic detergents. The following compound. the sedium salt ob a sulfonic acid. is used in 
household laundm detergent formulations. 


i} 
| 2 

Na ЕЕ СНА 
G | 


sodium 4-dodecyl-1-benzenesulionate 
M sy nlhietis detergent | 


Many soups and detergents have not only cleansing properties but alse germicidal character- 
Istius. 

Soaps and sx nthetic detergents are two examples of a larger class of molecules known zs sur- 
factants. so-called because of their effects on the surface tension of water, (See Further Explo- 
ration 20.2 fora more extensive discussion.) Surfactants are molecules with to structural parts 
that interact with water in different ways: a polar dead group, which is readily solvated by water. 
and а Avdrocarbon тай, which. tike a long alkane. is not readily solvated by water. In Sec. $3 
vou learned about phospholipids, the major components of cell niembranes, which also hase 
polar head groups and hydrocarbon tails. Phospholipids are also surfactants. In a soap. the polar 
head group is the carboxy late anion. and the hydrocarbon tai] is the carbon chain, The soap and 
the detergent shown above are examples of anfenic харсан thal is. surfactants with an an- 
ionic polar head group. Cationic amfactants are also known: 
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CH, 
PREH —N-(CH-h5CH, CIT 
CH; 


benzvlcetyldimethylammonium chloride 
(benzalkonium chloride) 
a cationic surfactant and germicide 


Although small amounts of surfactant molecules dissolve im water, when the surfactant 
concentration is raised. above a certain value, called the critical micelle concentration 
(СМС), the surfactant molecules spontaneously form micelles, which are. approximately 
spherical aggregates of 50. 150 surfactant molecules (Fig. 20.3). Think of a micelle as a large 
bail in which the polar head groups, along with their counterions, are exposed on the outside 
of the ball and the nonpolar tails are buried on the inside of the ball. The micellur structure sal- 
ises the solvation requirements of both the polar head groups. which are close to water. and 
the “greasy groups” the nonpolar tails which associate with each other on the inside of the 
micelle. The spontaneous assembly of micelles calls to mind the spontaneous formation of 
Phospholipid vesicles in aqueous solution (See. RSA and both phenomena have u similar 
cause: Ше “lke-dissolves-hke™ solubility principle. 

the detergent properties of surfactants are understandable once the rationale for the forma- 
ton of micelles is clear. When a fabrie with greasy dirt is exposed to an aqueous solution con- 


O 
| 


CH&(CH;44C—O- Nat 
Р, 


- 


ora 


polar РА `~ COUnmtermri 
Zu head group ——. 


— polar head 
groups 


ihi 


Figure 20.3 (a) Schematic diagram of a soap. The polar head group (the carboxylate group) is represented by a 
red sphere, the nonpolar tail by a wiggly line, and the counterion as a blue sphere. (b) А cutaway diagram of a mi- 
celle structure. Each micelle contains 50-150 molecules and is approximately spherical. Notice that the polar head 
groups within the miceile are directed outward toward the solvent water and that the nonpolar tails interact with 
one another and are isolated fram water within the interior of the micelle. 
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taining micelles of a soap or detergent, the dirt associates with the "greasy" hydrocarbon 
chains on the interior of the micelle and is incorporated into the micellar aggregate. The dirt is 
(hus lifted away from the surface of the fabrie and carried into solution. The antiseptie action 
of some surfactants owes Hs success lo a similar phenomenon. When the bacterial cell is ex- 
posed to a solution containing a surfactant. phospholipids of the cell membrane tend to assu- 
ciate with the surfactant. In some cases this disrupts the membrane enough that the cell can no 
longer function, and it dies. 

so-called бак water interferes with the eleaning action of detergents and causes the fur- 
mation of a scum when mised with soaps. Hard water contains Са? and Mgt ions. Hard- 
water scum (“bathtub ring”) is a precipitate of the calcium or magnesium salts of fatty acids. 
which tunlike the sodium and potassium salts) do not form micelles because they are too in- 
soluble m water. These offending tons can be solubilized and removed by complexation with 
phosphates. Phosphates. however, have heen found to cause excessive growth of algae in 
rivers and streams, and their use has been curtailed (thus, “low-phosphate detergents "i. Unfor- 
илеу, no completely acceptable substitute for phosphates has yet been found. 

Surfactants are used not onls im "soap-and-water -type cleaning operations, Thes are also 
extremely important as components of fuels and lubricating oils. For example. detergents in 
engine oils assist in keeping deposits suspended in the oil and thus prevent them from burld- 
Ing up on engine surfaces. 


SYNTHESIS OF CARBOXYLIC ACIDS 


Two reactions covered 1n previous chapters are especially important For the preparation of car- 
hoxvlic acids: 


|. Oxidation of primary aleohols and aldehydes (Sees. 10.6B and 19.14) 
2. Side-chain oxidation of alkylhenzenes (Sec. 17.5) 


The ozonolysis of alkenes (Sec. 5.5) ean also be used to prepare carboxylic acids, although it 
Is less important because it breaks carbon carbon bonds. 

Another important method for the. preparation. of carboxylic. acids Is the reaction. of 
Grignard or organolithium reagents with carbon dioxide, followed by protonolysis. Typically 
the reaction Is run by pouring an ether solution of the Grignard reagent over crushed dry ice, 


T TO C) 
Hait А р Е = 
CECH CH Mer + CO, жю —— CGH;CH;CH —C — OH 120.9) 
Lz6- 868 yield} 


Carbon dioxide is itself a carbons | compound. The mechanism of this reaction is much like 
that For Grignard additions to other carbonyl compounds (See, 19.9). Addition of the Grignard 
reagent to carbon dioxide gives the bromomagnesium salt of a carboxylic acid. When aqueous 
acid is added to the reaction mixture in a separate reaction step, the free carboxylic acid is 
formed. 

iOS CH 
js | - j | иа 11.447 » А T _ 
О=с=0 —r Ң—С—0О: tMeBr ———- R—C—O0H ~ Met + Br оро; 


| bromomagnesium salt a carboxylic 
R— Mehr of a carboxylic acid avid 
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Notice that the reaction af Grignard reagents with CO. unlike the other reactions listed at 
the beginning of this section, ts another method for forming carbon garbon bonds. (Be sure to 
review the others; Appendix V1.) 

АП orf the methods used for preparing curbaxvhe acids are summarized in Appendix Y. A 
number of these are discussed im Chapters 2] and 22. 


20.9 Outline a synthetic scheme for each of the following transformations. 
(a) cyclopentanecarbox ylic acid from cyclopentanol 
(b) octanoic acid from 1-heptene 


PROBLEM 


INTRODUCTION TO CARBOXYLIC ACID REACTIONS 


The reactions of carboxy he acids can he categorized into [our types. 


reactions at the curhons) group 
reactions at the eurboxas late ows gen 
loss ed the curboxs group as CO. (decurboss lation | 


t ы 


m 


reactions involving the a-carbon 


The most typical reaction at the carbonyl group 15 хелло at the carbonyl carbon, Let 
EY be à general reagent in which E ts an electrophilie roupi for example. a hydrogen) and Y 
OH of the carboss group is substituted by the group 


iS a nucleophibie group. Турю the 


- Y. 


С) {) 


H—C—ÜOH - E—¥ + 8n—C—«4 - НО] pulli 


Another reaction at rhe carbonyl group of carhoxylie acids and their deri atives is reaction 
af the curbonyi oxygen with an electrophile tà Lewis acid or a Brensted acid)? -thal is, the re- 
action of the carbons E oxygen as a base: 


+ - Ё 
ОР EA =- =] «э—-] 
I ^ i + 
R—C— Ol резаи ай R—€—-O0H ——x R—C-—OH | > Yi. ал12; 


One such reaction, protonation of the carbon | oxygen, was discussed in Sec, 20.28. Many 
substitution. reactions. at the carbonyl) carbon are acid-catalyzed: that is. the reactions of 
nucleophiles at the carbonyl себен are catalyzed by the reactions of acids at the carbons] 
охунен. 

We se already studied one reaction at tie carboxylate өхуненг the ionization of carboxylic 
acids (Sec, IAA): 


|o. , |. Il. " 
R—C—QO0—H +10: eS RECTT аа qR—C-—QO|- H4 ul 
_ oe 
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Another general reaction involves reaction ol the carboxylate oxygen as a nucleophile (YI = 
halide. sultonate ester, or other leaving group), 


C1 9, 


| моя | ы 
К-с see R—U ы ү 0.141 


* 


Decarboxvlation is loss of the carboxy group as CO., 


O 
| 


R—C—O0--H — E H - Ә==С=0) 120,18) 


This reaction is mare important. for some. types ol varbos lbe acids than. for others 
ISec. 20.111. 

This chapter concentrates on Ше first three types of reaclions: reactions at the carbom I 
eroup. reactions at the carboxylate oxygen, and decarbossTauon, Por the most part; Chapter 
21 considers reaetions at the carbonyl] group of curboxs lie aed derivatives; Chapter 22 tikes 
up the fourth t pe of reaction reactions involving the a-carbon -tor both сагу acids 
amd their derivatives. 


CONVERSION OF CARBOXYLIC ACIDS INTO ESTERS 


A. Acid-Catalyzed Esterification 
Ester are eurboxylie ugild derivatives with the following general structure: 
C) 
| 
кец ei (R= H, АК өг Ro -alki For aryl: 


general stri ture 
of an eser 


When a carboxylic acid is treated with a [aree excess of an alcohol in the presence ol à 
strong acid catalyst, an ester is formed. 


(} с) 
==» | 
od: ( Hse), / | : 
Жол. 41 СН,ОН ж S / C—OCH,; + HLO qu Ini 
methanol 
benzoic acid Large excess; methyl benzoate 
ил as solvent | [an ester; 85—92'ta vield | 


This reaction is called acid-catalyzed esterification. or sometimes Fischer esterification, 
atter the renow ned German chemist Emil Fischer (РБА РТ), 

The equilibrium constants Гог esterifications with most primary alcohols, although Tavor- 
able, are not large; for example. the equilibrium constant tor the estenticaton ob acetic acid 
with е alcohol is 4.38. The reaction is driven to completion by using the reactant alcohol 
as the solvent. Because the alcohol is present in large excess. the equilibrium is driven toward 
the ester product This is another application of Le Chátelier's principle (sec. 498). 
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Acid-catals zed esterification сенин be applied to the synthesis of esters fram phenols or 
tertiary alcohols. Tertiary alcohols undergo dehydration (Sec. 10.1) and other reactions under 
the acidic vonditions of ihe reaction, and the equilibrium constants for the esterification of 
phenols are much less favorable than those for the esterification of alcohols by а factor of 
about 107. Although it is possible in principle to drive the esterification of phenols to comple- 
пап, there ите simpler ways for preparing esters of both phenois and tertiary alcohols that are 
discussed in Chapter 21. 

А усту important question relevant to the mechanism of acid-catalyzed exterification 
is Whether the oxygen of the water liberated in the reaction comes from the carboxylic acid or 
the alcohol, 


o 
| 
Ph—€C—OCH,; + Н) 120.172) 
( 
or 
lh—UC—OH + 11. —ӘН 
O 


H.O — (20.17h) 


E 
= 
mem 
== 
L 

= 


This question was answered in 1938, when it was found. using the ХО isotope to label the al- 
cohol oxygen, that rhe OH of the water produced comes exclusively from the carboxylic acid. 
Acid-eatalyzed esterification is therefore a substitution of ОН at the carbonyl eroup of the 
acid by Hie oxvgen of the alcohol (Eg. 0.1 7a). Thus, acid-catalyzed esterification is an exum- 
ple of substitution ar a carbons! carbon. 

The mechanism of aeid-catalvzed estenfication is very important. because Il serves as y 
model for the mechanisms of ether acid-cataly zed reactions of earboxviie acids and their de- 
rivatives. [n the mechanism that follows. the formation of a methyl ester in the solvent 
methanol is shown for concreteness. The first step of the mechanism Is protonation of the car- 
topy] oxygen (Sec, 20 4B k 


H 
(a + 
y diii H Lc p 
R= 0 uu apt K= 00m HOCH, (QU. Es 
protonated 


conjugate acid 


Mb i carboxvlik acid 


The catals sing acid is the conjugate acid ol the solvent: this is the actual acid present when à 
strong acid such as TSO, is dissolved in methanol. 

Recall from Sec, 19.7A that protonation of a carbonyl ovveen makes the carbonyl carbo 
more clectrophiic because the carbonyl oxygen becomes a better electron acceptor. The car- 
bony!) carbon of à protonated carbonyl group is electrophilie enough to react with the weakly 
basie methanol molecule, A nucleophilic reaction of methanol at the curhonyl carbon, fol- 
lowed by Joss ofa proton, gives a fetrafredral addition intermediate. 


T 


пон :ÓH TOT H 

| | 

R—-C—OH ж” RCOOH ж R—C—OH + HOCH; оҳ 
fup 1 | | + 
HOCH, ОСН, OCH, 


Н tetrahedral 
TUER addition 


Hex ЇН, intermediate 
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A tetrahedral addition intermediate is simply the product of carbons | addition. In aldehyde 
and Ketone reactions. the product of carbons | addition is in many cases a stable compound that 
сап be isolated. (See. for example. Eg. 19.15 on p. 907.) In the ease of carboxydie acid 
derivatives, tis called an £itennediare because it reacts further. us we shall see. En esteritied- 
tion. formation of the tetrahedral addition intermediate is essentially the same reaction as the 
acid-catalyzed reaction of an alvohol with a protonated aldehyde or ketone to Form a hemiac- 
etal (Sec. 19. [0A Y. The tetrahedral addition intermediate. alter protonation. loses water lo give 
ihe conjugate acid ol the ester: 


Ori ‚ OH H 
U ж ПАШ | ra! " 
R—C—OH аж кн O—H + HOCH, «<= 
| + | 
(C.H, OC ET; 
:ÓH con *ÜH 
"Lx | 


R—C--OCH, -——À- RCOOH 0—9 КС OCH: | = H—ÓH curso 


+ М 


coniugate acid ef the ester 


Lass of a proton gives the ester product and regenerates the acid catalyst. 


TNT HOCH, iQ: H 
| | | 
R—C—OCH, = R—C—OCH, ! HOCH, (20.184 


4- 


The inechantsm of esterification is un exiemsion of the mechanism of varbonyt addition, ln 
esterilication. a nucleophile approaches the carbonyl carbon from above or below the plane of 
the carbonyl group and interacts with the 77 Cantibonding? molecular orbital, just as in the ad- 
dition reactions of aldehydes and ketones (Fig. 19.8, p. 909). Reaction of the nucleophile at 
the carbon] carbon wives the addition compound. [n esterification, however, the addition 
compound—the terrafiedral addition intermediate—reacts further: the — OH group trom the 
carboxs He acid. after protonation, is expelled from the addition compound. and a carboxy He 
acid deris ative—an ester in this cuse—is formed. 

Esterttication illustrates a very general mechanistic pattern that occurs in many substitulion 
reactions of carboxylic acids and their derivatives. An addition intermediate is formed, and a 
leaving group — X 15 expelled from this intermediate to give a new carboxylic acid derivative. 


сап асі ава | 
leaving group | 


O OH у О 
| | / . 
R—QG—X + ү 11 — R—C—X в RACY + Re He 
| 
Y 
tetrahedral 


addition intermedtate 


[n other words, substitution at а carbonyl carbon is really a sequence of two processes: 
adeition lo the carbonyl group followed by efémitnarioen to regenerate the carbonyl group. 

Although esterification 1s catalyzed onb by acids. a number of other carbonyl-substitutian 
reactions, ike carbonyl-uddition reactions, are base-catalyzed. Several reactions of this ty pe 
are discussed in Chapters 21 and 22. 
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Why don't aldehydes and ketones undergo substitution at their carbonyl carbons? After a 
nucleophile reacts at the carbonyl carbon of an aldehyde or ketone, neither of the groups at- 
tached to the carbonyl carbon can act as a leaving group. 


@, OH 


R—C—R + Y—H —= R—C—R (20.19b} 


cannot act as | 


leaving groups 


The reason is that the H— or the R — group of an aldehyde or ketone, to act as a leaving group, 
would be expelled as H:~ or В:7, respectively, either of which is a very streng base. In car- 
bonyl-substitution reactions, as in 5,2 and $41 reactions, the best leaving groups are generally 


| the weakest bases (Secs. 9.4F and 9.6C), In contrast, one of the groups attached to the carbonyl 

$ carbon of a carboxylic acid derivative is either a weak base, or (as in the case of esterification, 

Further Exploration 20.3 Eq. 20. 18c), 15 converted by protonation into a weak hase; in either case. such a group can act 
опор as a good leaving eroup. and substitution results. 


BLEM : 3 
NS ENS 20.10 Give the structure of the product formed when 


(a) 3-methylhexanoic acid is heated with a large excess of ethanol (as solvent) with a sulfu- 
ric acid catalyst, 

(b) adipic acid is heated in a large excess of 1-propanol (as solvent) with a sulfuric acid cat- 
al vst. 

20.11 (a) Using the principle of microscopic reversibility, give a detailed mechanism for the acid- 
catalyzed hydrolysis of methyl benzoate (structure in Eq. 20.16, p. 965) to benzoic acid 
and methanol. 

(b) Given that ester formation 15 reversible, what reaction conditions would you use to bring 
about the acid-catalyzed hydrolysis of methyl benzoate to benzoic acid and methanol? 

20.12 (a) You learned in Sec. 19.7 that carbonyl-addition reactions can occur under basic condi- 
tions. The hydrolysis of methyl benzoate is also promoted by ТОН. Write a mechanism 
for the hydrolysis of methyl benzoate in NaOH solution. 

(b). A student has suggested the following transformation, arguing that is can be driven to 
completion with a large excess of methanol and sodium methoxide. 


О О 


| CH0- | 
Ph—C—OH + CHOH x— —* Ph—C—OCH, + H;O 


(large excess) 


In fact. this reaction does not occur because, under the basic conditions, the carboxylic 
acid undergoes a different reaction. What is that reaction" 


B. Esterification by Alkylation 


The esterification discussed in the previous section involves the reaction of a nucleophile at the 
carbonyl carhon. This section considers a different method of forming esters that illustrates an- 
other mode of carboxylic acid reactivity: nucleophilic reactivity of the carboxylate oxygen. 

When a carboxylic acid is treated with diazomethane in ether solution, il is rapidly con- 
verted into its methyl ester. 
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CH CH (noH: 1 СЫС. 11 
\ 4 z +o К. | 
C=C "ОҢ — х == м: ———— и + dA nm 
/ ^ ether 
/ LN / : 
11 с — OH diazomethane |I ГА — OLCH,  dinitrogen 
С) O 
(E)-2-octenaic acid methyl (Ej-2-ocienoate LALA 


| V ] ШЦ viele | 


Diazemethine. à toxic selle eas (р 23 PCa is usually generated chemically as it is needed 
from a commercials ушы precursor and Is co distilled with ether inte a flask contamine the car- 
hoxyviic ack to be esterilied. Юша айе is both explosive and allergenie and is therefore anls used 
in simall guantes ander vanditions that are carefully established to maintain salety; Nox ех, es- 
teridieutionm withdiozomethane i so mild and free of side reactions that in mats eases n qs the meta 
otchoive dor de ssnthesis e£ mets esters in small-scale reactions. 


The acidity of the carboxylic acid is important in the mechanism of this reaction. Protona- 
Gon of diazomethane by the carboxylic acid gives the meth ldrazonium топ, 


i) i?) 
[ КА rd A t | T 4 
ic ce H IC NSN: чё” R= CiT c PEBC— NN: (Sla 


methyldiazonium ion 


This ien contains dinitrogen, one of the hest leaving groups, An 8,2 reaction of the merh l- 
diazonium ion with the carboss lite oxygen results in the displacement of М, and formation of 


the ester, 


C) {) 
|. + |. 
R—C Q ШС ЕМ: ee OREO cO0O—UH. = мМ: ҮН!) 
a es ЧР; з 


Carboxs late юп» are less basic, and therefore less nucleophilic. than alkoxides or phen- 
oxides. hut they do react with especially reactive alkylating agents. The meths ldinzonium ion 
formed bs the protonation of diazomethane is one of the most reactive alkylating agents 
Known, Notice, though, thatthe carboxylic acid. not the carboxylate sall. is required for the re- 
action with diazomethane because protonation of diazomethane bs the acid is the first step of 
the reaction, 

The nucleophilic reactivity of carbos ylates 1s also illustrated bs the reaction of certain alls | 
halides with carboxylate ions. 


C C 
IN | 
C —tCUCH. СИ, 
_ d С 
KECO: =| | CYBER —— — | х КНС. + КЇ 20223 

X | m | 
U— OH C СИ 
| | 
L} ( 

2-acetylbenzoic acid methyl 2-acetylbenzoate 


ПЕШ vind | 
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This is an 5,2 reaction in which the carhoxylate ion, formed by the acid- base reaction of the 
acid and K.CO,, reacts as а nucleophile with the ШКУ] halide. Because carboxylate ions are 
such weak nucleophiles. this reaction works best on alkyl balides that are especially reactive 
in S,2 reactions. such as methyl iodide and benzylic or ауп halides (See. 17.4). This reac- 
tion Is typically carried out in polar aprotic solvents that accelerate S42 reactions, such as ace- 
опе. as Eq. 20.22 illustrates. 

Let's contrast the esterification reactions in Eqs, 20.20 und 20.22 wah the aeid-catalvzed 
esterification in See. 20.8А. In all of the reactions discussed in this section, the carboxylate 
oxygen of the acid acts as а nucleophile. This oxygen is alkylated by an alkyl halide or 
diazomethane, [n acid-catalyzed esterification. the carbonyl carbon, after protonation of the 
carbonyl oxygen. acts as an electrophile ta Lewis acid}. The nucleophile in acid-catalyzed es- 
terification Is the oxygen atom of the solvent alcohol molecule. 


PROBLEMS 20.13 Give the structure of the ester formed when 


(a) isobutyric acid reacts with diazomethane in ether. 

(b)succinic acid reacts with a targe excess of diazomethane in ether. 
(с) isobutyri¢e acid reacts with benzyl bromide and К.СО, in acetone. 
td) benzoic acid reacts with allyl bromide and K.CO, in acetone. 


20.14 Tert-butyl esters can be prepared by the acid-catalyzed reaction of methylpropene (isobuty- 
lene) with carboxylic acids. 


| b Ну = | 
Н. ОН + CC, OO a 
{pressure} | ' 
acetic acid НС, CH, 
2-methylpropene tert-butyl acetate 
(isobutylene) (85% yield) 


Suggest a mechanism for this reaction that accounts for the role of the acid catalyst. (Hint 
See Sec. 4.7 B.) 


CONVERSION OF CARBOXYLIC ACIDS INTO ACID 
CHLORIDES AND ANHYDRIDES 


Acid chlorides and acid anhydrides are very reactive carboxs lie acid derivatives that play an 
unportant role in the synthesis of other carboxylic acid derivatives, such as esters and amides. 
This section shows how these derivatives are prepared from carboxy lic acids; Their use m the 
synthesis of other carboxylic acid derivatives is discussed in Chapter 71 starting in See. 21.8. 


A. Synthesis of Acid Chlorides 
Acid chlorides are carboxylic acid derivatives with the following general structure: 


С) 


R—C—C] UR — H, alkyl, or andi 


general structure 
olan acid chloride 
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Acid chlorides are invariably prepared from carboxylic acids, Two reagents used for this pur- 
pose are thionyl chloride. SOCH. and phosphorus pentachloride. PEL. 


Q Q 
| 
„нон.с. 7OH + SOCL, ——=> CH,.CH.ACH,C—Cl ~ HCI - 505. (0001231 
butyric acid thionyl butyryl chloride 
chloride (an acid chloride: 
S3 vield | 
. () 
| =\ | 
QN C—OH + PCR — OLN 7 C—ClI + РОС, + HC) (2024) 
phosphorus 
pentachloride p-nitrobenzoyl chloride 


p-nitrobenzoic acid 


ая 


STUDY GUIDE LINK 20.3 
Mechanism of Acid 
Chloride Formation 


STUDY GUIDE LINK 20.4 
More on Synthetic 
Equivalents 


(90-9689 vield] 


Acid chloride synthesis fits the general pattern of substitution at a carbonyl group: in this case. 
— OH is substituted by СІ. (Study Guide Link 20.3 provides the mechanistic details. | 


| —С is substituted | 


Q 


| 


R—U—O0H ж R-—-C—Cl [20,2581 


Thionyl chloride is the мате reagent used for making alkyl chlorides [rom alcohols (Sec. 
10.3D). a reaction in which ОН is replaced by —Cl at the carbon of an alkyl group. 

Recall that acid chlorides are one of the starting materials in the Friedel-Cratts acylation 
reaction (See. 164P. whieh is used for the preparation of aromatic ketones. Well lind in 
Chapter 21 that acid chlorides are very reactive: for this reason. they are also very useful for 
the synthesis of other carbony! compounds. 

Sulfonyl chlorides, the acid chlorides of sulfonic acids, are prepared by the treatment of 
Julfonic acids or their sodium salis with PCI. 

@, () 


H;C—5—0- Nat + PEL ж H.C—S—cl + РОСІ, ~ Nacl (20.26) 


Ц phosphorus O 


pentachloride 
sodium methanesulfonyi 
methanesulfonate chloride 


{hole vield | 


Aromatic sulfonyl chlorides can be prepared directiy by the reaction of aromatic com- 
pounds with chlorosulfunie acid. 


( | 
| - | 
а . 2 " 
7 -ICDes D QU S—Cl + 11-50, + HEL 0280027) 
| | 
o С) 
benzene 
chiorosuifonic benzenesulfany] 
acid chloride 


(74-7740 vield) 
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This reaction is a variation of aromatic sulfonation, an electrophilic aromatic substitution re- 
action (Sec. 16.4D). Chlorosulfonic acid. the acid chloride of sulfuric acid, acts as an elec- 
trophile in this reaction just as SO, does in sulfonation. 


Н + CI—SOH ж ( он + HCl (20.283) 


chlorosulfonic 
benzene acid benzenesulfonic acid 


The sulfonic acid produced in the reaction is converted into the sulfonyl chloride by reaction 
with another equivalent of chlorosulfonic acid. 


i | 
C 2o + CS0 ——» S—Cl + HO—SO,H (20.286) 
| [ excess) - | — а 
O O sulfuric acid 
benzenesulfonic benzenesulfonyl 
acid chloride 


This part of the reaction is analogous to the reaction of a carboxylic acid with thionyl chloride 
(Eq. 20.23). 


alan 20.15 Draw the structures of the acid chlorides derived from (a) 2-methylbutanoic acid; (b) p- 
methoxybenzoic acid; (c) |-propanesulfonic acid. 


20.16 Give the structure of the acid chloride formed in each of the following transformations. 
(a) sodium ethanesulfonate + PCI; —— 
(b) benzoic acid + ЗОСІ, —— 
(с) p-toluenesulfonic acid + excess chlorosultfonic acid ——* 


20.17 Outline a synthesis of the following compound from benzoic acid and any other reagents. 


O 
| 
CH;O [o 


(Hint: See Study Guide Link 20.4.) 


B. Synthesis of Anhydrides 


Carboxylic acid anfverides have the following general structure: 


О © 
| | 


R—C—O—C—R (К=Н.аКу%огагу]) 


general structure 
of an anhydride 


The name anfvdride, which means "without water.” comes from the fact that an anhydride re- 
acts with water to give two equivalents of a carboxylic acid. 
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C) (1 o (у 
| 


| | | | 


k——4(—1(1—t—Hk + ee | — C—H-—31—.0—1H L0, 291 


an anhvdride 


The name anhydride also graphically describes one of the wavs that anhydrides are prepared: 
the treatment of carboxylic acids with strong dehydrating agents. 


() O i) 
| EM |o 
REC —EU— ON + Р.О, ee re + complex phosphates, 4200301 
trifluoroacetic phosphorus trifluoroacetic anhydride 
acid pentoxide irda vield i 


Phosphorus pentoxide (acid Tormula PO os а white powder that rapidly. absorbs. ind reacts У te- 
lenth with. water. Hos also used as a potent desiccant. This compound is a complex anhydride ot 
phosphlorie acid, because it en es phosphoric aci when it reacts with water. 


Most anhydrides may themselves be used to form other anhydrides. For example, P.O. is 
an inereame anhydride that is used to form anhydrides of carboxylic acids. In the following 


example, a diearboxslie acid reacts with acetic anhisiride to form aevefic сту com- 
pound tn which the anhydride group is part oF à ring: 
o O 
CH,—€C— ÜI ү), C CH.—tU ( 
a, | "n Vi \ | 
HC UH э Oti- С]; —— н —Н отан ОН 
VE -—— 
Clete acetic anhydride Cie =, 
| A. 
() () 
B-methylglutaric acid B-methylglutaric anhydride 
(09090 yields a суси anhydrides (20.311 


Phosphorus oxychloride (POC) and P.O, (Eq. 20.300 can abso be used for the formation ol 
eyele anhydrides, Cyclic anhydrides contaiming Ave- and six-membered anhydride rings are 
readily prepared from their corresponding dicarboxylic acids. Compounds containing either 
larger or smaller anhs dride rings generally cannot be prepared in this was. Formation of eyele 
anhydrides with Hve- and six-membered rings ts so facile that in some cases it occurs on heat- 
ing the dicarboxs lic acid. 


C 

| 
| 27 EN 

hse imelr: | O + НО QUAM 
Р ; 

Р 9 

| | 
O z 


phthalic acid phthalic anhydride 


The formation of anhydrides fram carboxylic acids. like many other carboxylic acid 
reactions that have Been discussed. fits the pattern of substitution at the carbonyl carbon: the 
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STUDY GUIDE LINK 20.5 
hanism of 
Anhydride Formation 


—OH of one carboxylic acid molecule is substituted by the acyloxy group (red) of another. 
(The mechanistic details are provided in Study Guide Link 20.5.) 


i | 
С — 1 a oa ВА. R-—C-—O-—C—R 0.335 
се ай) 
acyloxy 
group 


As we will find in Sec. 21.8B. anhydrides, like acid chlorides, are used in the synthesis of 
other carboxylic acid derivatives. 


| PROBLEMS | eo ! | 
20.18 Give the structures of the products formed when (a) chloroacetic acid and (b) p-chloroben- 


zoic acid react with Р„О.. 


20.19 (a) Fumaric and maleic acids (Table 20.1) are E,Z-isomers. Oae forms a cyclic anhydride on 
heating and one does not. Which one forms the cyclic anhydride? Explain. 
(b) Which one of the following compounds forms a cyclic anhydride on heating: methyl- 
malonic acid or 2,3-dimethylbutanedioic acid? 


REDUCTION OF CARBOXYLIC ACIDS 


TO PRIMARY ALCOHOLS 


When a carboxylic acid is treated with lithium aluminum hydride, LiAIH,, then dilute acid, a 
primary alcohol is formed. 


O 
2 CHE bn + ШАН, ——” m 2CH;CH,CHCH;—OH (20.34) 
сн, он 
2-methylbutanoic acid 2-methyl-1-butanol 


(83% yield) 


This is an important method for the preparation of primary alcohols. 

Before the reduction itself takes place, LiAIH,, a source of the very strongly basic hydride 
ion (H:"), reacts with the acidic hydrogen of the carboxylic acid to give the lithium salt of the 
carboxylic acid and one equivalent of hydrogen gas (that is. dihydrogen). 


q Lit Оле Lit 

бм _ 

R—C-Lo-H H——AIH; —»- R—C=0O + Н. + AIH; (20.35а) 
dihydrogen 


The lithium salt of the carboxylic acid is the species that is actually reduced. 

The reduction occurs in two stages. In the first stage. the AIH, formed in Eq. 20.35a re- 
duces the carboxylate ion to an aldehyde. The aldehyde is rapidly reduced further to give, after 
protonolysis, the primary alcohol (Sec. 19,8). 
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n AlHa if 1 
111ram 
1 Eq. 20.35; ЛАН, Hig еф 
R—C-—Q- Ш? чь R—C—H —— —= > R—CH;OH (20.35Ь) 


Because the aldehyde is more reactive than the carboxylate salt, it cannot be isolated. (The re- 
activity differences among the different carbonyl compounds, and the reasons for them, are 
considered in Sec. 21.7E.) 

Notice that the LiAIH, reduction of a carboxylic acid incorporates two different types of 
carbonyl reactions. The first is a net substitution at the carbonyl carbon to give the aldehyde 
intermediate. The second ts an addition to the aldehyde. 


E. 9 о паа) р 


Further Exploration 20.4 ч и Ew ode. ТАРТ 
Mechanism or the == (hs sei ER S UN 
LiAIH, Reduction of 

Carboxylic Acids H 


Many of the reactions of carboxylic acid derivatives discussed in Chapter 21 also fit the same 
pattern of substitution followed by addition. 

Sodium borohydride, NaBH,, another important hydride reducing agent (Sec. 19.8). does 
nor reduce carboxylic acids, although it does react with the acidic hydrogens of acids in a 
manner analogous to Eq. 20.35a. 

The LiA!H, reduction of carboxylic acids can be combined with the Grignard synthesis of 
carboxylic acids (Sec. 20.6) to provide a one-carbon chain extension of carboxylic acids, as il- 
lustrated by Study Problem 20.2. 


Study Problem 20.2 


Fatty acids containing an even number of carbon atoms are readily obtained from natural sources. 
but those containing an odd number of carbons are relatively rare. Outline a synthesis of the rare 
tridecanoic acid, CH,(CH,),,;CH,CO.H, from the readily available lauric acid (see Table 20.1). 


Solution The problem requires the synthesis of a carboxylic acid with the addition of one car- 
bon atom to a carbon chain. The Grignard synthesis of carboxylic acids (Sec. 20,6) will accom- 
plish this objective: 


1) Me, ether 
2) COs, then Нус 


1-bromododecane tridecanoic acid 


CHi(CH;) wH -Br CH;(CH) ig CH; COH 


The required alky! bromide. | -bromododecane, comes from treatment of the corresponding alco- 
hol with concentrated НВг; and the alcohol in turn comes from the LiAIH, reduction of lauric 
acid: 

1} LiAIH, in ether 
21 HiO 

lauric acid 1-dodecanol 1-bromododecane 


conc. HBr 


CH3(CH;),4,00;H CH4(CH;),4CH;OH CH4(CH;),0CH;Br 


976 CHAPTER 20 + THE CHEMISTRY GF CARBOXYLIC ACIDS 


P MS | | | -— : 
ROGLE 20.20 Give the structure of a compound with the indicated formula that would give the following 
diol in a LIATH, reduction followed by proionoissls. 


HOCH, CGEHSOH 


(a) C;H,O, (by C,H,O, 

20.21 Propose reaction sequences tor each of the following conversions: 
(a) benzoic acid into phenylacetie acid, PRCH.CO.H 
(b) benzoic acid into 3-phenylpropanuoic acid 


The loss of carbon dioxide from u carhoxylie acid is called decarboxylation. 


| 


R—C—O—H — R—H t Hr CHJA) 


Although deearboxs lation is not an important reaction for most ordinary carboxylic acids, ver- 
tat types of carhosvyIe acid are readily, decarhoxslated. Among these are 


of eto acids 


| 
2. malonie acid derisatises 


бы 


earbonie acid derivatives 


B-Keie acids—ocarboxvile acids with a keto group in the -position—regadily decarboxylate 
üt room temperature m acidic solution, 


i) O C 
| || Hait | 
E y ou ————— C. TOR UH ANI 
m cic E Ss 3 ( ML zu 
INS CH; OH INS CH; 
acetoacetic acid acetone 


{з #-МеролсАй! 


Decurboxvlation of a B-keto acid involves an em intermediate Ahat is formed by an inter- 
nal proton transfer from the carboxs lic acid group to the carbons oxygen atom of the ketone, 
The enol is transformed spontaneously into the corresponding Ketone (Sec. 145A. 


y Nw 
(3 ра OL O 
lll: | | 
a C _ м. C чк. TAAI С T 
PLUG | анас | RURÜCT 
Нух : Q НОЛ SCH И Си, 
| acetone сло] acetone 


The cci form of the B-keto aci decurboxylates more readils. than the conpugate-bitse sar- 
hoaylate form because the latter has ne acidic proton that can be donated to the B-carbony] 
oxygen, 10 efect the carboxy group promotes is own тотола. 

Maleniv acid and its derivatives readily decarboss late upon heating in acidic solution. 
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; PET | | 
с —{ H —CO;H — НОС. + CO, | 26,404 
CH; CER 
methsylmalonic acid propionic acid 


This reaction. which also does not eecur in base, bears a close resemblance to the decarboss- 
lation of -keto acids because both malone acids and B-keto acids fave a varbony] group B to 
the carboxy group. 
C) (> 
HO —G—4.H; —CU.H R —4-——4£l-—tUCO.H 


malonic acid а B keto acid 


Because decurboxylation of malone acid amd its derivatives requires heating. the acids 
themselves ean be isolated at room temperature. 

Curbonie acid is unstable and decarboxs kates spontaneously in acidic solution to carbon 
dioxide and water. tCarbonie аси is formed reversibly when CO. is bubbled into water: car- 
Мот acid gives earbonated beverages their iendity, and CO. ием them thei ЧУУ) 

O0 
| 
C =” CO. + [EO TUI 


Л ӨН 


carbonic acid 


Similarly. any carbonic acid derisatiye with a free carboxylic acid group will also deeurboxy- 
late under aculic conditions, 


O 
| Ire VS | 
(C € СНОП + CO- 1.421 
E {AON - 
CEHO О 
methyl carbonate 
C 
| IFTE | ЕЗИ + 
p mE 7 C, - МН, -X—— ? PSI [31 


INT "oH 
carbamic acid 


Under basic conditions, carbonic acid and its derivatives exist as carboxylate salts and do 
not decarboxylale. For example. the sodium salts of carbonic acid. such ах sodium hivarbon- 
ale (Nal ICO.) and sodium carbonate (NaCO, j. are familiar stable compounds. 

Carbonic acid diesters and diamides are stable. Dimethy! carbonate ta chester of carbonic 
acid) and urea (he diamide of carbonic acid) are examples of such stable compounds. Like- 
wine. Ihe acid chloride phosgene is also stable. 


L) » O 
| | 
А е а à PM PEN 

CHO OUL, ыч NHL. C] C] 


dimethyl carbonate urea phosgene 
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! MS А , 
FRUBEE 20.22 Give the product expected when each of the following compounds is treated with acid. 


a) О Сн, 


^н фаз 


CH; 


(b) E. e (€) CH;CH;NHCO; Nat 
CO;H 


(+ heat) 


20.23 Give the structures of all of the f-keto acids that will decarboxylate to yield 2-methyl- 


cyclohexanone. 


20.24 One piece of evidence supporting the enol mechanism in Eq. 20.39 is that B-keto acids that 
cannot form enols are stable to decarboxylation. For example, the following B-keto acid can 
be distilled at 310 °C without decomposition. Attempt to construct a model of the enol that 
would be formed when this compound decarboxylates. Use your model to explain why this 
B-keto acid resists decarboxylation. (Hinr: See Sec. 7.6C.) 


CO;H \ 


KEY IDEAS IN CHAPTER 20 


The carboxy group is the characteristic functional 
group of carboxylic acids. 


Carboxylic acids are solids or high-boiling liquids, and 
carboxylic acids of relatively low molecular mass are 
very soluble in water. 


The carbonyl and OH absorptions are the most impor- 
tant infrared absorptions of carboxylic acids.In proton 
NMR spectra the a-hydrogens of carboxylic acids ab- 
sorb in the 6 2.0-2.5 region, and the OH protons, 
which can be exchanged with D,O, absorb in the à 
9-13 region. The carbonyl carbon resonances in the 
ЗС NMR spectra of carboxylic acids occur at 8 
170-180, about 20 ppm higher field than the carbonyl 
carbon resonances of aldehydes and ketones. 


Typical carboxylic acids have pK, values between 4 
and 5, although pK, values are influenced significantly 
by polar effects. Sulfonic acids are even more acidic, 
The acidity of carboxylic acids is due to a combination 
of polar and resonance effects. The conjugate base of 
a carboxylic acid is a carboxylate ion. 


Carboxylic acids with long unbranched carbon chains 
are called fatty acids. The alkali-metal salts of fatty 
acids are soaps. Soaps and other detergents are sur- 
factants; they form micelles in aqueous solution. 


B Because of their acidities, carboxylic acids dissolve not 


only in aqueous NaOH but also in aqueous solutions 
of weaker bases such as sodium bicarbonate. 


The reaction of Grignard reagents with CO, serves as 
both a synthesis of carboxylic acids and a method of 
carbon-carbon bond formation. 


The reactivity of the carbonyl carbon toward nucle- 
ophiles plays an important role in many reactions of 
carboxylic acids and their derivatives. in these reac- 
tions, a nucleophile approaches the carbonyl carbon 
from above or below the plane of the carbonyl group 
and reacts to form a tetrahedral addition intermedi- 
ate, which then breaks down by loss of a leaving 
group. The result is a net substitution reaction at the 
carbonyl carbon. Acid-catalyzed esterification and 
lithium aluminum hydride reduction are two exam- 
ples of nucleophilic carbonyl substitution. In lithium 
aluminum hydride reduction, the substitution prod- 
uct, an aldehyde, reacts further in an addition reaction 
to give, after protonolysis, an alcohol. 


The nucleophilic reactivity of the carboxylate oxygen is 
important in some reactions of carboxylic acids, such as 
ester formation by the alkylation of carboxylic acids with 
diazomethane or the alkylation of carboxylate salts with 
alkyl halides, 
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ш Carboxylic acids are readily converted into acid chlo- п -Keto acids, as well as derivatives of malonic acid and 
rides with phosphorus pentachloride or thionyl chlo- carbonic acid, decarboxylate in acidic solution; most 
ride, and into anhydrides with P.O.. Cyclic anhydrides malonic acid derivatives require heating. The decar- 
containing five- and six-membered rings are readily boxylation reactions of B-keto acids, and probably 
formed on heating the corresponding dicarboxylic those of malonic acids as well, involve enol intermedi- 
acids. ates, 

REACTION ш" For a summary of reactions discussed in this chapter, see Section R, Chapter 20, in the Study 


Guide and Solutions Manual. 


ADDITIONAL PROBLEMS 


20.25 Give the product expected when butyric acid tor other 20.29 Give the product(s) formed and the curved-arrow nota- 
compound indicated) reacts with each of the following tion for the reaction of 0.01 mole of each reagent 
reagents, below with 0.01 mole of acetic acid. 

(a) ethanol (solvent), H,SO, catalyst (а) Nat CH,O^ (b) Cs* "OH 

(b) aqueous NaOH solution we) CH,CH,—MgBr | (d) H,C—Li 
(c) LIAIH, (excess), then Н.о“ ез:МН, (f) NaH 

(d) heat [р } 

(e) ЗОСІ. 


; . Nat 7O—C—0OH 
ifi diazomethane in ether Ч О 


(g) product of part (c) (excess) + СН,СН==О, НСІ 
(catalyst) 

(h) product of part (е). AICI, benzene, then Н.О 

(i) product of part (h). H.NNH.. KOH, ethylene glycol 


20.4) Draw the structure of the major species present in so- 
lution when 0.01 mole of the following acid in aque- 
ous solution is treated with 0.0] mole of NaOH. Ex- 


(solvent), heat plain. 
O Cl Q 
20.26 Give the product expected when benzoic acid reacts E MCN we 
with each of the following reagents. | 
(a) СН, K.CO, (Б) concentrated НМО,, H.SO, CI 


(c) PC], (d) Р.О, , heat 
20.31 Explain why the differences between the first and sec- 


20.27 Draw the structures and give the names of all the di- ond pK, values of the dicarboxylic acids become 
carboxylic acids with the formula C.H,40,. Indicate smaller as the lengths of their carbon chains increase 
which are chiral, which would readily form cyclic an- ( Table 20.3). 
hydrides on heating, and which would decarboxylate 
on heating. 20.32 Rank the following compounds in order of increasing 
acidity. Explain your answers. 
20.28 (a) What is the molecular mass of a carboxylic acid COH CO.H СО. Н 
containing a single carboxylic acid group if | | | 
8.61 mL of 0.1 M NaOH solution is required to C] Ч 
neutralize 100 mg of the acid? : + эы. | 
(b) Haw many milliliters of aqueous 0.1 M NaOH are OCH; МСН» CH; 
required to form the disodium salt from 100 mg of А В C 


succinic acid? 
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20.37 


20.38 
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Ordinary litmus paper turns red at pH values below 
about 3. Show that a 0.1 M solution of acetic acid (pK, 
= 4.76) will turn litmus red, and that a 0.1 M solution 
of phenol (pK, — 9.95) will not. 


What i5 the pH of a solution containing a buffer con- 
sisting of acetic acid and sodium acetate in which the 
actual [acetic acid|/[sodium acetate] ratio ts (a) 1/37 
(b) 3? (с) 1? 


(a) Explain why the most acidic species that can exist 
in significant concentration in any solvent is the 
conjugate acid of the solvent. 

(b) Show why HBr is a stronger acid in acetic acid sol- 
vent than it is in water. 


Explain why all efforts to synthesize à carboxylic acid 
containing the isotope oxygen-18 at oniy the carbonyl 
oxvgen fail and yield instead a carboxylic acid in 
which the labeled oxygen is distributed equally be- 
tween both oxygens of the carboxy group. ("О = '®О) 
b +0) O 
| | a 
-== K—C—On + E—0C—0 
(50% of label on each oxygen) 


Н —6G-—(0H 


Outline a synthesis of each of the following com- 
pounds from isobutyric acid (2-methylpropanoic acid) 
and any other necessary reagents. 

(а) O 


E ———— 
(b) O 

И i 
ic 

T—— чүн 
(d) 1 


C—CH(CH,) 


isobutyrophenone 


(e) 3-methyl-2-butanone 
(£) (CH,J,CHCH-—CH, 


A graduate student, Al Kane. has been given by 

his professor a very precious sample of 
(—)-3-methylhexane, along with optically active sam- 
ples of both enantiomers of 4-methylhexanoic acid. 


20.39 


20.40 


20.41 


each of known absolute configuration. Kane has been 
instructed to determine the absolute configuration of 
( — -39-methylhexane. Kane has come to you for assis- 
tance. Show what he should do to deduce the configu- 
ration of the optically active hydrocarbon from the 
acids of known configuration. Be specific. (See Sec. 
6.5.) 


The sodium salt of valproic acid is а drug that has 
been used in the treatment of epilepsy. t Valproic acid 
15 а name used in medicine.) 


CHaCH3SCH: 
CH — COH 
CH4CH;CH; 
valproic acid 


(a) Give Ihe substitutive name of valproic acid. 

(b) Give the common name of valproic acid. 

(c) Outline a synthesis of valproic acid from carbon 
sources containing Fewer than five carbons and any 
other necessary reagents. 


Because the radioactive isotope carbon- 1H is used at 
very low ("tracer") levels, its presence cannot be de- 
tected by spectroscopy. It is generally detected by 
counting its radioactive decay 1n a device called a scin- 
tillation counter. The location of carbon-14 in à chemi- 
cal compound must be determined by carrying out 
chemical degradations. isolating the resulting frag- 
ments that represent different carbons in the molecule. 
and counting them. 

A well-known biologist, Fizzi О, Logicle, has pur- 
chased a sample of phenylacetic acid (PhCH,CO,H) 
advertised to be labeled with the radioactive isotope 
carbon- 14 only at the carbonyl carbon. Before using 
this compound in experiments designed to test a 
promising theory of biosynthesis, she has wisely de- 
cided to be sure that the radiolabel is located only at 
the carbonyl carbon as claimed. Knowing your exper- 
tise in organic chemistry. she has asked that you devise 
а way to determine what fraction of the "C is at the 
carbonyl carbon and what fraction is elsewhere in the 
molecule. Outline a reaction scheme that could be 
used to make this determination. 


You have been employed by a biochemist, Fungus Р. 
Gildersleeve, who has given you a very expensive 
sample of benzoic acid labeled equally in both oxy- 
gens with "O. He asks you to prepare methyl benzoate 
(structure in Eq. 20.16, p. 965). preserving as much 


20.42 


20.43 


210.44 


O label in the ester as possible. Which method of 
ester synthesis would vou choose to carry out this 
assienment? Why? 


You are a chemist for Chlorganics, Ing., a company 
specializing in chlorinated organic compounds. А 
process engineer, Turner Switchback, has accidentally 
mixed the contents of four vats containing, respec- 
tively, p-chlorophenol, 4-chlorocyclohexanol, 
p-chlorobenzoic acid, and chlorocyclohexane. The 
president of the company. Hal Ojinn (green with 
anger), has ordered you to design an expeditious sepa- 
ration of these four compounds. Success guarantees 
you a promotion: accommodate him. 


Penicillin-G is one of the penicillin family of drugs. In 
which fluid would you expect penicillin-G to be more 
soluble: stomach acid (pH — 2) or the bloodstream 
(pH 7.4}? Explain. 


penicillin-G 


ta) The relatively stable carbocation crystal violet has 
a deep blue-violet color in aqueous solution. When 
NaOH is added to the solution. the blue color fades 
because the carbocation reacts with sodium hy- 
droxide in about 1—2 min to give a colorless prod- 
uct. Show the reaction of crystal violet with NaOH. 


(CH4)N 


(CH4J4N 


crystal violet 


20.45 


20.46 
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(b) When the detergent sodium dodecy! sulfate (SDS: 
structure in Fig. P20.44) is present in solution 
above its critical miceile concentration, the bleach- 
ing of crystal violet with NaOH takes several days. 
Account for the effect of SDS on the rate of this 
bleaching reaction. 


Draw the structure of the cyclic anhydride that forms 
when each of the following acids is heated. 
(а) CO;H 


CO;H 


(h) eteso-a.B-dimethylsuccinic acid 


ic) 
CO;H 


CO,H 


(Нии: Don't forget about the chair interconversion. } 


Propose a synthesis of each of the following 
compounds from the indicated starting materialis) and 
any other necessary reagents. 

(a) 2-pentano! from propanoic acid 

(b) О 


CH;CH;—C-—OCH;CH —CH,; 
from allyl alcohol as the only carbon source 


(c) 2-methylheptane from pentanoic acid 
(d) m-nitrobenzoic acid from toluene 

te) PhCH,CH.CH,;Ph from benzoic acid 
iE) 


HO; C 27 $3 ;H 
[тот 


(2) 5-oxohexanoie acid from 5-bromo-2-pentanone 


norbornene 


(Hint: Use a protecting group.) 


(hi Ph CO.H 
x Р: 
x — is trom Ph—C=C—H 
РА +, 
H H 


cis-cinnamic acid 


CH,CH;CH;,CH;CH;CH,CH;CH;CH;CH;CH,CH;0SO; Nat 


sodium dodecyl sulfate 


{SDS} 


Figure P20.44 
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20.47 (a) Decarboxylation of compound A gives rwo 
separable products: draw their structures and 
explain. 

(b) How many products are formed when compound B 
is decarboxylated? 


CO,H 
cl 
CO.H 


A В 


HO,C COH 


HAE CH; 


20.48 (a) Squaric acid (see following structure) has pK, val- 
ues of about | and 3.5. Draw the reactions corre- 
sponding to the two successive 1onizations of 
squaric acid and label each with the appropriate 


pK, value. 
HO OH 
О O 
squaric acid 


20.51 
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(h) Most enols have pK, values in the 10—12 range. 
Using polar and resonance effects, explain why 
squaric acid is much more acidic. 

(c) Given that squaric acid behaves like a dicarboxylic 
acid. draw structures for the products formed when 
it reacts with excess SOCI.: with ethanol solvent in 
the presence of an acid catalyst. 


20.49 Complete each of the reactions given in Fig. P20.49 hy 
giving the principal organic product(s). Give the rea- 
sons for your answers. 


20.50. (a) Organolithium reagents such as methyllithium 

(CH,Li) react with carboxylic acids to give ketones 
(see part (a) of Fig. P20.50). 7wo equivalents of the 
lithium reagent are required, and the ketone 
does not react further. Suggest a mechanism for 
this reaction that accounts for these facts. (Hinr: 
Start by looking at Problem 20.294.) 

(b) Give the product of the reaction given in part (b) of 
Fig. P20.50. 


Give а curved-armrow mechanism for each of the reac- 
tions given in Fig. P20.51. 


ia 2 5 
HCA у—сон + Ph,C—N=N: — ++ 


(b) " 


(с) 
HO;C 


(d) CH; 
CY + Hg(OAc), + CH,CO;H (solvent) 
ie] O 


| "em 
CH4CH,—C—OH KOH LE equiv} 


(D вг CH,CH,CH;CH, —CO;H 


COH + ethylene plycol 


PhCH3CI 
——— i y 


acid 
——ҥ=ь 


= (a polymer) 


NaBH, 
——- ———» 


С) 
“м 
HiC—CH-— CH; 


КС, 
аселе 


(CoH yO) 


acetane (solvent! 


(gi OH 
НС. j 
E KO (excess) and (CH1550 (excess? 
HO COH 
ih) 
Ci + CISO 3H (excess) — 


Figure P20.49 
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(a) i 
. CH, given off Hao* ; ; 
R—C—OH + 2H,C—Li ——— —» — À——» R—C—CH; + 2Li* 
(b) о 
| 
“он | HOt 
+ 2CH;CH;— Li —— ——— 
= ether 
CH, 
Figure P20.50 
(а) 2234. 
OCHs dil. HCI 
{catalyst | 


| „а. 
жд + H-O H,0 —C— 0C-H; T 2C,H;0H 


OCH; 
an orthoester 
(b) Q CH;0 
| | \ ous 
C—CH, dil. HCl 3 С 
(catalyst) `су + HO 
CHOH С, ы 
"COH ү 
© 
ici НС CH, 
i Lo + H50; H:0 : 
C=C, + C0: з= Os H4,C—C —CO;H 
HC carbon ЄН» 
monoxide 
(d) Ph T P 
CH,CO:H + C=CH, Коа. Pho ei 
Ph CH; 
ie! H^. 
ph—C—CH—CO,H — & Ph—CH—CH=0 + СО, 
| ш warni | 
CH, CH, 


(f) 


O Q о 
c. ad 
T H,C—N=N: — A m ^ + N; 


(63% yield) — (1596 yield) 


Figure P20.51 


984 CHAPTER 20 « THE CHEMISTRY OF CARBOXYLIC ACIDS 


20.52 Propose reasonable fragmentation mechanisms that 
explain why 
(à) the EI mass spectrum of 2-methylpentanote acid 
has à strong peak at m/z — 74. 
(b) the EI mass spectrum of benzoic acid shows major 
peaks at m/z = 105 and m/z = 77. 


and has the following NMR spectra: 
"C NMR: 613.5. 641.2, 8177.9 
proton NMR: 61.13 (6H. d, J = 7 Hz); 62.65 (2H. 
quintet, J = 7 Hz): 69.9 (2H, broad s, disappears 
after D-O shake) 

(b) Give the structure for an isomer of compound A that 
has a melting point of 208 °C and NMR spectra that 


20.53 (a) Give a structure Tor an optically inactive compound are almost identical to those of A. 
A (C,H,,,0,). that can be resolved into enantiomers 


chemical shift, Hz 


2400 2100 1800 1 500 1200 900 600) АСЮ 0 
= zd | => > ет a Т i е елу 
OH proton 
\ 3 
o 11.7 2H 2H 
offset and 


6.3 Az 


— 


vertically amplified 
LH 


—_— 


[| 
|| 
і 
і 
| 
| 
i 
l 
I 
" 


g 7 6 5 FE 3 


: 2 | () 
chemical shift, ppm (8) 
(a) 
chemical shift, Hz 

2400 2100 1800 1500 1200 EU HOC) 300) 0) 

[pee—— Л „лї | dt — za - i 

| 811.9 Р 

offset and 
vertically amplified 
| H 


KT md. d 6 5 4 3 2 | 0 
chemical shift, ppm (6) 
(bi 


Figure P20.55 (a) The NMR spectrum for Problem 20.55a. (b) The NMR spectrum for Problem 20.55c. In both 


NMR spectra, the relative values of the integrals are given in red over their respective resonances. 


20.55 


A water-insoluble hydrocarbon A decolorizes a solu- 
tion of Br, in CH.Cl.. The base peak in the EI mass 
spectrum of A occurs at w/z = 67, The proton NMR 
of A 15 complex, but integration shows that about 30% 
of the protons have chemical shifts in the 51.8-2.2 
region of the spectrum. Treatment of A successively 
with OsO,, then periodic acid, and finally with Ag.O, 
gives a single dicarboxylic acid B that can be resolved 
into enantiomers. Neutralization of a solution 
containing LOO mg of B requires [3.7 mL of 0.1 M 
NaOH solution (see Problem 20.281. Compound B. 
when treated with POCI,. forms a cyclic anhydride. 
Give the structures of A and B. 


Provide a structure for each of the following com- 

pounds. 

(a) C,H,,0,: IR 2300-3200. 1710, 1600 cm~! NMR 
spectrum in Fig. P20.55a. 

(b) C)H,40,: IR 2400-3200. 1700. 1630 cm~! NMR: 
61.53 (35.1.7 = 8 Hz: 64.32 (2H, 0. J = 8 Hz): 
8 7.08, 68.13 (4H, pair of leaning doublets, J = 10 
Hz): 6 10 (1H, broad, disappears with D,O shake) 


chemical shift, Hz 
1500 | 


2400 2100 1800 


| 


low-field region: 


| H 


chemical 


20.56 


900 
1 


ml 
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(с) IR 3000-3580 (broad). 1698, 981 си! UV: А, = 
212 nm (e = 10,800) 
C] mass spectrum: M + | peak at m/z = 115 
NMR spectrum in Fig. P20.55b. 


You are employed at Phenomenal Phenols, Inc., and have 
been asked by your Supervisor, O. H. Gruppa. to identify 
a compound A that was isolated from natural sources. 
Compound A, mp 129-130 °C. is soluble in NaOH so- 
lution and in hot water. The IR spectrum of A shows 
prominent absorptions at 3300-3600 em! (broad) and 
1680 ст; the EI mass spectrum of A has prominent 
peaks at m/z = 166 and 107, and the CI mass spec- 
trum has an M + ] peak at w/z —167. The NMR 
spectrum of A ts given in Fig. P20.56. It is determined 
by titration that A has two acidic groups with pK, val- 
ues of 4.7 and 10.4, respectively. The UV spectrum of 
А is virtually unchanged as the pH of a solution of A is 
raised from 2 to 7, but the А, shifts to much higher 
wavelength when A is dissolved in 0.1 M NaOH solu- 
tion. Propose a structure for А. Rationalize the two 
peaks in its mass spectrum. 


600 300 Ü 


| \ a | 
I u Z Д. 


shift, ppm 18) 


Figure P20.56 The NMR spectrum for Problem 20.56. Notice that part of the spectrum is beyond 6 8 and is 
traced separately. The relative values of the integrals are given in red over their respective resonances, 
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The Chemistry of 
arboxylic Acid 
Derivatives 


A carboxylic acid derivative is a compound that can be hydrolyzed under acidic or basic con- 
ditions to give the related carboxylic acid. All carboxylic acid derivatives can be conceptually 
derived by replacing a small part of the carboxylic acid structure with other groups, as shown in 
Table 21.1. 

Carboxylic acids and their derivatives have not only structural similarities but also close re- 
lationships in their chemistry. With the exception of nitriles, all carboxylic acid derivatives con- 
tain a carbonyl group. Many important reactions of these compounds occur at the carbonyl 
group. Furthermore, the —С==\М (cyano) group of nitriles has reactivity that resembles that of 
a carbonyl group. Thus, the chemistry of carboxylic acid derivatives, like that of aldehydes, ke- 
tones, and carboxylic acids, involves the chemistry of the carbonyl group. 


NOMENCLATURE AND CLASSIFICATION 
OF CARBOXYLIC ACID DERIVATIVES 


A. ESters and Lactones 


Esters are named as derivatives of their parent carboxylic acids by applying а variation of the 
system used in naming carboxylate salts (Sec. 20.4A). The group attached to the carboxylate 
oxygen is named first as a simple alkyl or aryl group. This name is followed by the name of 
the parent carboxylate, which, as you have learned, is constructed by dropping the final fc 
from the name of the acid and adding the suffix are. This procedure is used in both common 
and substitutive nomenclature. 


О ү — 


| 
H.C—C—0O—CH;CH, CH3CH,CH,CH,CH,—C—Oo— 


| == 


acetig + air = acetate ethyl group phenyl hexanoate 
(substitutive) 
ethyl acctate 
(common) 
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Structures of Carboxylic Acid Derivatives 


Derivation* 
General structure, Condensed 
name of derivative structure Replace— With— Example 
0 
| | 
R—C—O—R R—CO,H —H —R’ H,C—C—0— (GH, 
ester ethyl acetate 
E NI i Бү 
| 
R—<—O—t—R | R—C 20 —H —C—1 HC —C—0—C—CH, 
anhydride Hep acetic anhydride 
0 
| | 
R—C—X R—CO-— X ОН -Җ HiC—C-—-cI 
acid halide aa, acetyl chloride 
Q R R 
| / | 
R—C—H R—CO—NR_ — OH CN НС —C— NH; 
H R acetamide 
amide 
R—C==N R—CN — COH — СМ HC— CEN 
nitrile ылай на acetonitrile 
| О 


| 


"Within the carboxylic acid structure R—C— OH, replace the group in column 3 with the group in column 4 to obtain the derivative. 
(Note that this shows the relationship of structures, but not necessarily how they are interconverted chemically.) 


substitution 1s indicated by numbering the acid portion of the ester as in carboxylic acid 
nomenclature, beginning with the carbonyl as carbon-| (substitutive nomenclature), or with 
the adjacent carbon as the a-position (common nomenclature). The alkyl or aryl group is num- 
bered (using numbers in substitutive nomenclature, Greek letters in common nomenclature) 
from the point of attachment to the carboxylate oxygen. 
Н T О T B Y COMMON system numbering 
| ; ; M c. | 1 substitutive numbering 


common name: B-bromopropyl B-chlorobutyrate 
substitutive name: 2-bromopropyl 3-chlorobutanoate 


Esters of other acids are named by analogous extensions of acid nomenclature. 
Br 
СОСН, 


methyl 2-bromocyclohexanecarboxylate diisopropyl succinate 
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Cyclic esters ure called lactones. 


() Q 
“0 
| 4 O 
BOX. ‚ / 
CHR ay — «4 
B-butyrolactone y-butyrolactone 
(а O-lactone' га v-lactene: 


In common nomenclature, illustrated in these examples, the vere ol a Валете ts derived from 
the acid with the same number of carbons in its principal cham the rag size is denoted by a 
Greek tetter corresponding to the point of attachment of the lactone ring oxygen to the carbon 
chain. Thus. ina 6-lactone, the ring oxygen is attached at the S-carbon to form a four-mem- 
bered ring. 

The subsite nomenclature. of lactones is ua specialized extension of heterecvelie 
nomenclature that we will not consider. 


B. Acid Halides 


Acid halides are named in any system of nomenclature bs replacing the ic ending of the дең] 
with the suffix v7 followed bs the name of the hulde. 


{) Вг 0 $ () С} 
2 4 | Е ` | ! : | | Hu ^ | 
СН. —UC—CI Ip O CI cs iU um Каа 
propionic - wi СН... malonyl dichloride 
propionyl chloride | cyclohexanecarbonyl 
КЕШИП. a-bromo-a-methyIbutvryl chloride 
рторапоуі chloride bromide common] 
(киип: 2-bromo-2-methylbutanoyt 


bromide | substitutis«! 


Notice in the foregoing example the special nomenclature required when the acid halide group 
[s attached to aring: the compound is named as an alkanecarbons | halide. 


C. Anhydrides 
To name an anhydride. the name of the parent acid is followed bs the word слетео, 


$ i) (y 1 
| | 


Ph—C€—0—CU€C—Ph.—— CH4CHCH-CH:C—O— CCH.CHECH CH, 


benzoic anhydride valeric anhydride | common’ 
pentanotc anhydride (substitutive! 


O 
9 о i 
| | a“ zs 

H.C—C-—(O0—C—H | 9 

| | | к d 
acetic formic anhydride n 
(a mixed апт! n 
\ (1 
phthalic anhydride 


La кухй anhvaride | 
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Avetie Formie anhydride is an example of a mixed anhydride, an anhydride deris ed from to 
dilerem carbos Hie acids. Mixed anhydrides are named by citing the two parent acids in al- 
phabetical order. Phthahe anhydride is an example of a сусе anhydride, an anhydride de- 
rived from (wo carboxylic acl groups within the same molecule. 


Nitriles 


Nitriles are named in the common system by dropping the ie er ere trom the name ol the acid 
With the same nimber of carbon atoms teounting the nitrile carboni and adding the suffix onf- 
rife. Im substilutve nomenclature. the sufa рест added to the name of the hydrocarbon 
with the same number of carbon atoms. 


pni 3 HESL SN 
benzonitrile (benvore + нн acetonitrile acetic = eniro 
о ee а ае о 


а succinonitrile common! 
а. butanedinitrile лил е: 


tsovaleronitrile ! common! 
3-methylbutanenitriic ача) 


The name of the lhree-carbon nitrile is shortened Im commen nomenclature: 
CHCH: -C==N 
propionitrile r er propiononitrile | 
When the nitrile group is attached to a ring, a special ерене nomenctature is used, 


[.— X: 


CH, 


2-methylcyclobutanecarbonitrile 


Amides, Lactams, and Imides 


Simple amides ure named in any system bs replacing the fc or efe sutfix of the acid name with 
the sullix ние. 
(7 () 
C] 
benzamide [benzoate < aide! 


y-chlorovaleramide (common! 
4-chloropentanamide isubstitutive! 


When the amide functional group is attached to a ring. the sutfix carbexamide is used. 


Cll, © 


2-methylcyclopentanecarboxamide 
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Amides are classitied as primary, secondary, or tertiary according to the number of hydro- 
gens on the amide nitrogen. 


О 1 с) H . R' 
P | / и 
Ке = к == П == 
\ N \ 
|] IR’ R” 
primary amide secondary ade tertiary amide 


This vlassilicution. ин Ке Инш of alkvl halides and alcohols., refers lo substitution e ИЙ КӨ ЕН 
rather than substitution at carbon. Thus, the following compound is a secondary amide, even 
though a tertiary alkyl group is bound to nitrogen. 


tertiarv alkvl group 


Q 


! 
H,C—C— NH-SEIGH 
4 secondary amide 


Substitution on nitrogen in secondary and tertiary amides is designated with the leter A 
Halicized or underlined). 


C) Cais O 
| / _ У " ГА 
H€—C -N a 
V \ 
CH; NOE 
N, N-diethylacetamide 4-chloro-N-methyleyclohexanecarboxamide 


(the double А desisnation meats that 
both ethyl groups are on nitrogen 


Cyclic amides are called lactams, and the common nomenclature of the simple lactams is 
analogous to that of lactones. Lactams. like lactones, are elassitied bs ring sive as y-lactams 
(five-membered lactam ring). g-lactams tfour-membered laetam ring). and so on. 


с) 


МН 


y-botyrolactam 
ta ¥-lactam 


Imides can be thought of as the nitrogen analogs of anhydrides. Cyclic imides, of whieh 
the following two compounds are examples, ше of greater importance than open-chain 
imides, although the latter are also known compounds. 


vi yi 
M NH 
(1 () 


succinimide phthalimide 
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F. Nomenclature of Substituent Groups 
The priorities for citing principal groups in a carboxylic acid derivative are as follows: 
acid > anhydride > ester > acid halide > amide > nitrile (21.1) 


All of these groups have citation priority over aldehydes and ketones, as well as the other func- 
tional groups considered in previous chapters. (A complete list of group priorities 1s given in 
Appendix I.) The names used for citing these groups as substituents are given in Table 21.2. 
The following compounds illustrate the use of these names: 


COH 


| 
HıC—C— NH Я. СОН 


p-acetamidobenzoic acid 
4-(acetylamino)benzoic acid 
5-chloroformyl-4-cyano- 
2-methoxycarbonylbenzoic acid 


G. Carbonic Acid Derivatives 


Esters of carbonic acid (Sec. 20.11) are named like any other ester, but other important car- 
bonic acid derivatives have special names that should be learned. 


| | | | | 
dimethyl carbonate phosgene urea carbamic acid methyl carbamate 
(unstable, but has {а stable carbamic acid 
many stable derivatives) derivative) 


Names of Carboxylic Acid Derivatives When Used as Substituent Groups 


Group Name Group Name 
© ” | О | 
| | 
—C—OH carboxy =E] chloroformy! 
| i 
—C—OCH, methoxycarbonyl —C—NH; carbamoyl 
О О 
| | acetamido or 
—C—QC;H, ethoxycarbony! —HH-—C—CH; acetylarnino* 
| 
—CH;—C—- OH carboxymethyl —C=N cyano 
О 
| ar з 
= À 0— А à 


acetoxy or acetyloxy* 


*Used by Chemical Abstracts. 
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[NOBLES 21.1 Give a structure for each of the following compounds. (Refer to Table 20.1 on p. 950 for the 
common names of carboxylic acids.) 


(a) S-cyanopentanoic acid (6) isopropyl valerate (с) ethyl methyl malonate 
(d) cyclohexyl acetate (e) N,N-dimethylformamide — (f) y-valerolactone 
(g)elutarimide (h) a-chloroisobutyryl chloride — (1) 3-ethoxycarbonylhexanedioic acid 


21.2 Name the following compounds. 


(а) CH,CH,CH,CN (bi b. (c) | 
p Е p U 
\ EY. 
Cl 
(d) 1 ie) О Г) | | 
РҺ—С—К{СН,), | O C,H40—C — CH; — C— CH;CH; 
Оо 


= | 
ака те 


CH; 


STRUCTURES OF CARBOXYLIC ACID DERIVATIVES 


The structures of many carboxylic acid derivatives are very similar to the structures of other 
carbonyl compounds. For example, the C=O bond length is about 1.21 А. and the carbonyl 
group and its two attached atoms are planar. The nitrile CN bond length, 1.16 А, is signif- 
icantly shorter than the acetylene C==C bond length, 1.20 A. This is another example of the 
shortening of bonds to smaller atoms (Sec. 1.3B). 

In an amide, both the carbonyl carbon and the amide nitrogen have trigonal planar bonding 
(Fig. 21.1). This geometry can be understood from the following resonance structures, which 


E 
e o? 


both the carbonyl carbon 
and the nitrogen have 
trigonal planar geometry 


Figure 21.1 Ball-and-stick model of N-methylacetamide. The trigonal planar geometry of the carbonyl carbon 
and the nitrogen requires that the labeled atoms all lie in the samme plane. 
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show that the hend between the nitrogen and the carbon | carbon has considerable double- 


hond character. 


О: p? 
S 

| — — : cL 
„м „зы + 


амну Festa SEUTU TS 


Because of the trigonal planar geometrs at nitrogen. secondar and tertiary amides ean exist 
in both E and Z conformations about the varbonyi-nitragen bond: the Z conformation predom- 
males m most secondary. andes because, in this form, san der Waals repulsions between the 


largest groups are avoided. 


{7 
С. H 
P T d d 
Hà КӨ N NO CE 
| 
Cil: 
/ і 
band Z canfarmationms o£ N methslacetamide 
The interconversion of the £ and 4 forms of amides is too rapid at room temperature to per- 
~. mit their separate Isolation, but it is very slow compared. with rotation. about ordinary 
Further Exploration 21.1 carbon-carbon single bonds. А typical. energy barrier. for rotation about the carbons | 
NMR Evidence for е E -1 | =з ый iun : 
xen bond of an amide r J mao 1? kei М which resul i mal roti 
Intel Ration nitrogen hond ol in amide i 11 EJ mol (17 ke Ч то! hich results in an intern dr EH 
in Amides rale of about ten (nies ner second. (In contrast, internal rotation in butane oceurs about 10 


Himes per second.) The relatively low rate ol internal rotation is eaused bs the significant dou- 
ble-bond character in the carbon nitrogen bond: recall from Sec. 4. 1C that rotation about car- 
bon varbon double bonds does not occur because rotation w ould require breaking the z bond. 
Намапоп aboul a “partal double bond" is retarded for the same reason. 


PROBLEM А І . - ; C 
21.3 Draw and label the £ and Z conl'ormations of the amino acid derivative N-acetylproline. 


i} 
| 
o 


“он 


N-acetylproline 


21,4 Draw the structure of an amide that pir? exist in ап E conformation about the carbonyl- 
nitrogen bond. 
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PHYSICAL PROPERTIES OF CARBOXYLIC 
ACID DERIVATIVES 


A. Esters 


Esters are polar molecules, but they lack the capability to donate hydrogen bonds that car- 
hoxylic acids have. The lower esters are typically volatile, fragrant liquids that have lower 
densities than water. Most esters are insoluble in water. The low boiling point of a typical ester 
(red) is illustrated by the following compatison: 


Г O О) CH; 
| 
CH4CH;C— 0O—H CHCH CCH-CH, GE. —O— GH CH3CCH,CH; 
propionic acid 2-butanone methyl acetate 2-methyl-1-butene 
boiling point 141 °C 80 PC 37 ^N 42°C 


‚зз салдын: 21.5 Pentanoic acid and methyl butyrate are constitutional isomers. Which has the higher boiling 
point and why? 


21.6 (a) Assuming that the difference in the relative boiling points of methyl acetate and 
2-butanone (see display above) is caused by the difference in their dipole moments, pre- 
dict which compound has the greater dipole moment. 

(b) Use a vector analysis of bond dipoles to show why your answer lo part (a) is reasonable. 


B. Anhydrides and Acid Chlorides 


Most of the lower anhydrides and acid chlorides are dense, water-insoluble liquids with acrid. 
piercing odors. Their boiling points are not very different from those of other polar molecules 
of about the same molecular mass and shape. 


|o]. p^T 
E. C ve C 
= is = чүт” " 
ho^ w^ uo er n" “cr 
acetic anhydride 4-methyl-3-penten-2-one 
boiling point 139,6 ^C 129.8 °С 
density 1.082 0.86 


O 


| 
H,c—C—cl  H,C—C—OCH, Ph—C—Cl  Ph—C—OCH, 


acetyl chloride methyl acetate benzoyl chloride methyl benzoate 
boiling point 50.9 °C o7 7C 197.2 °С 213*C 
density 1.05] 0.93 1212 1.09 


The simplest anhydride, formic anhydride, and the simplest acid chloride, formyl chloride, are 
unstable and cannot be isolated under ordinary conditions, 
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Nitriles 


Nitriles are among the most polar organie compounds, Acetonitrile. for example. has à dipole 
moment of 3.4 D. The polarity of nitriles is refleeted in their boiling points, which are rather 
high despite the absence of hydrogen bonding. 


ILC-—ECÆEN: CH.CH.— CHEN: HC—C=C—H 


acetonitrile propionitrile propyne 
boiling point ЗК 97.4 C ORAE 


Although niteiles are very poor hiydrogen-bond acceptors {because they are very weak haises: 
see Sec, 21.51, acetonitrile is miscible with water and propionitrile has a moderate solubility 
in water, Higher nitriles are insoluble in water. Acetonitrile serves in some cases as a useful 
polar aprotic solvent because of its moderate boiling point and tts relatively high dielectric 
constant of 38 (Table 8.2, p. 341), 


Amides 


The lower amides are water-soluble. polar molecules with high boiling points. Primary and 
secondary amides, like earboxylie acids (Sec. 20.2). tend to associate into hydrogen-bonded 
dimers or higher aggregates in the solid state; in the pure liquid state; or in solvents that do not 
form hydrogen bonds, This association has a noticeable effect on the properties of amides and 
Is of substantial biological importance in the structures of proteins (Sec. 26.3). For example, 
simple amides have very high boiling points; many are solids, 


( {) () 
J, AEN, PE 
Н: NH, He OH НС Cll, 
acetamide acetic acid acetone 
hailing point es E П aoe 
meling point 81.3 7C. а -94 C 


Primary amides have two hydrogens on the amide nitrogen that сап form hydrogen bonds. 
Along а series im which these hydrogens are replaced by methyl groups. the cupacity for hy- 
dropen bonding is reduced. and boiling points decrease in spite of the increase in molecular 
Iss. 


(У () О 
MN ы ; NT T une : 
H«C № 14. HC NHCH HC NIU Ї 4). 
acetamide N-methylacetamtde №, N-dimethylacetamide 
boiling point Hp iNM-2306 tC. lo l ' t. 
melting point RI E. 2 4. cB 


А number of amides have high dielectric constants Саре 8,23. ALA? Dimethsy!formamide 
ОМГ. which has a dielectric constant of 37. for example, dissolves a number of inorganic 
salts and is widely used as a polar aprotic solvent, despite its high boiling point 
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A. 


SPECTROSCOPY OF CARBOXYLIC ACID DERIVATIVES 


IR Spectroscopy 


The most important feature in the IR spectra of most carboxylic acid derivatives is the С=О 
stretching absorption. For nitriles. the most important feature in the IR spectrum 15 the C==N 
stretching absorption. These absorptions are summarized in Table 21.3, along with the ab- 
sorptions of other carbonyl compounds. Some of the noteworthy trends in this table are the 
following: 


|. Esters are readily differentiated from carboxylic acids, aldehydes. or ketones by the 
unique ester carbonyl absorption at 1735-1745 em7!, 

2. Lactones, lactams. and cyclic anhydrides, like cyclic ketones. have carbonyl] absorption 
frequencies that increase significantly as the ring size decreases. (See Study Guide Link 
19.1.j 

3. Anhydrides and some acid chlorides have two carbonyl absorptions. The two carbonyl 
absorptions of anhydrides are due to the symmetrical and unsymmetrical stretching 


Important Infrared Absorptions of Carbonyl Compounds and Nitriles 


Compound Carbonyl absorption, ст" Other absorptions, cm ' 
ketone | 1710-1715 = 
c, -unsaturated ketone 1670-1680 
aryl ketone 1680-1690 
cyclopentanone 1745 
cyclobutanone 1780 
aldehyde 1720-1725 aldehydic C—H stretch at 2720 
a, -unsaturated aldehyde 1680-1690 
aryl aldehyde 1700 
carboxylic acid (dimer) 1710 OH stretch at 2400-3000 (strong, broad}; 
C—O stretch at 1200-1300 
aryl carboxylic acid 1680-1690 
ester or six-membered 
lactone (é-lactone) 1735-1745 C—O stretch at 1000-1300 
a, []-unsaturated ester 1720-1725 


5-membered lactone (ylactone} 1770 
4-membered lactone (lactone) 1840 


acid chloride 1800 a second weaker band is sometimes 
observed at 1700-1750 


anhydride 1760, 1820 (two absorptions} C—O stretch as in an ester 
6-membered cyclic anhydride 1750, 1800 
5-mermbered cyclic anhydride 1785, 1865 

amide 1650-1655 N—H bend at 1640 


N—H stretch at 3200-3400; double 
absorption for a primary amide 
-membered lactam (&-lactam) 1670 
5-mermbered lactam (ylactam) 1700 
4-membered lactam (f2-lactam) 1745 


nitrile C=N stretch at 2200-2250 


LZ 


STUDY GUIDE LINK 21.1 
Solving Structure 
Problems Involving 
Nitrogen-Containing 
Compounds 
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vibrations of the carbon! ereups (Fig. 1 3,8, р. 549, (The reason for the double absorp- 
tion of acid chlorides is more obscure.) 

4. The carbons | absorptions of amides occur at much low er frequencies than those of other 
carbon 1 compounds. 

5. The C==N stretching absorptions of nitriles generally occur in the triple-hond region 
of the spectrum. These absorptions are stronger than the С=С absorptions of alkynes 
becouse of the kirge bond dipole of the carbon—nitrogen triple bond, and they occur at 
higher frequencies, 


The IR spectra of some carboxylic aci] derivatives are shown in Fig, 21.2а—с on p. 998, 
Other useful absorptions in the IR speetra of carboxsyiie aeid derivatives are also sumita- 
rized in Table 21.3. For example. primary and secondary amides show an N —H stretching ab- 
sorption in the 3200-3400 cm! region of the spectrum. Many primary amides show two 
N— H absorptions. and secondars amides show а single strong К——Н absorption. In addition. 
à strong N—H bending absorption occurs in the vicinity of 1640 ст. by pically appearing us 
а shoulder on the fow-frequeney side of the amide carbonyl absorption. Tertiars. amides lack 
both el these NH vibrations. The presence of these absorptions in a primary amide and their ab- 
seneg in a tertiary amide are evident in the comparison of the two spectra in Fig. 21.3 on p. 999, 


NMR Spectroscopy 


Proton NMR Spectroscopy The a-preton resonances of all varboxs lie acid derivatives 
are Observed in the 6 1.9-3 region of the proton NMR spectrum (see Fig. 13.4 on p. 588). in 
esters, the chemical shifts of protons on the aiky > carbon adjacent to the carboxylate ox gen 
are 0.6 ppm greater than the chemlcal shifts of the analogous protons in alcohols and ethers. 
This shiti ts attributable to the electronegative character of the carbons | group. 


DP о 3.414) 

» 

| 
IL -C— 0 Ну 1. Н... —Cli,— ОСН, I -C=N 
| | | 

diethyl ether 
ё |. 1 б 4.02(д) VERLE 
ethyl acetate acetonitrile 


The A-alkyl protons of amides have chemical shifts in the 8 2.6-3 chemical shift region. 
amd the NH proton resonances of primary and secondary amides are observed in the б 7.5-8.5 
region, The resonances for these protons. like those of carboxylic acid ОН protons. are sonw- 
times broad, их broadening ts caused by а slow chemical exchange with the protons of other 
protic substunees (such as traees of moisture) and by unresolved splitting with М. whieh has 
a nuclear spin. Amide NH resonances, like the OH signals of acids and aleohols, can he 
washed out by exchange w uh D.O0°D.O shake": Sec, 13.6]. 


T зол СА]! 
| [ 
Н.С С-Н —GH, 


| | 


e puris) Ò RES (bread), exchanges with [2,61 


N-methylacetamide 
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Figure 21.2 Infrared spectra of some carboxylic acid derivatives. (a) Ethyl acetate. The distinguishing feature in 
the IR spectra of esters is the position of the carbonyl stretching absorption. (b) Butyronitrile. The distinguishing 
feature in the IR spectra of nitriles is the C=WN absorption. fc) Propionic anhydride. The distinguishing feature in 
the IR spectra of anhydrides is the double carbonyl stretching absorption. 
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Figure 21.3 Infrared spectra of amides. (a) 2,2-Dimethylpropanamide (pivalamide); primary amides typically 
have two N—H absorptions. (b) M, N-Dimethylpropanamide, The N—H stretching and bending absorptions seen 
in primary amides are absent in tertiary amides. 


An interesting aspect of amide structure is revealed by NMR spectroscopy. For example. 
the two N-methyl groups in V.N-dimethylacetamide have different chemical shifts and appear 
as two closely spaced singlets: 


О) 

| 02.93 

C CH, 
Hic MN 


| 
| 
CH, 


ra 14 


N, N-dimethylacetamide 


The different chemical shifts show that the two N-methyl groups are chemically noneguiva- 
lent. Why should this be so? 


1000 


21.5 


СНАРТЕК 21 


5 20.6 


a 
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As discussed on p. 993. there is a significant amount of double-bond character in the bond be- 
tween the nitrogen and the carhonyl group. and this leads to a considerably smaller rate of in- 
ternal rotation about this bond. Although the internal rotation occurs about ten times per sec- 
ond, a rate that is large on the human time scale, this rate is very small in the context of an ММК 
experiment. That is, the time scale of the NMR measurement is so small that the internal rota- 
tion about the carbonyl-nitrogen bond appears to be frozen. (See Sec. 13.8 for a discussion of 
the effect of slow internal rotations on NMR spectra.) Thus, the N-methyls behave in the NMR 
experiment like substituents on a double bond. The N-methyls have different chemical shifts 
because one of them is cis to the carbonyl oxygen and the other is trans; that is, the two N- 
methyl groups are diastereotopic. (See Further Exploration 21.1.) 


"C NMR Spectroscopy In "C NMR spectra. the carbonyl chemical shifts of carboxylic 
acid derivatives are in the range 6165-180, very much like those of carboxylic acids. 


& 20.0 б 60.0 623.1 О б 34.4 


тш 1 + ji 


H4C—C—OH H,C—C—O—CH,—CH, H;C—C—Cl H,C—C—NH—CH,—CH, 


| 


б 179.1 


PROBLEMS 


| | | | | 


ё 170.3 613.8 б 169.5 à 170, © 147 


The chemical shifts of nitrile carbons are considerably smaller. occurring in the ё 115—120 
range. These shifts are much greater. however, than those of acetylenic carbons. 


Ala B7 5 765,9 


ү ДИ. 


На. — Gm М Н.Я 8 — СН.СН,СН; 


| | | 


8117.7 873,7 619.6 


21.7 How would you differentiate between the compounds in each of the following pairs? 
(a) p-ethylbenzoic acid and ethyl benzoate by IR spectroscopy 
(b) 2,4-dimethylbenzonitrile and N-methylbenzamide by proton NMR spectroscopy 
(c) methyl propionate and ethy! acetate by proton NMR spectroscopy 
(d) N-methylpropanamide and N-ethylacetamide by proton NMR spectroscopy 
(e) ethyl butyrate and ethyl isobutyrate by "C NMR spectroscopy 
21.8 Identify the compound C,H,NO with the proton NMR spectrum given in Fig, 21.4. This com- 
pound has IR absorptions at 3300 and 1650 cm" '. 


BASICITY OF CARBOXYLIC ACID DERIVATIVES 


Like carhoxylic acids themselves, carboxylic acid derivatives are weakly basic and can be pro- 
tonated on the carbonyl oxygen by strong acids. Similarly, nitriles are weakly basic at nitro- 
gen. These basicities are particularly important in some of the acid-catalyzed reactions of es- 
ters, amides, and nitriles. 
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Figure 21.4 The NMR spectrum for Problem 21.8, The integrals are shown in red over their respective 
absorptions. The broad resonance at à 7.6 disappears after a 0,0 shake, and the multiplet at 6 3.05 simplifies to a 
quartet. 


The basicity of an ester is about the same as the basicity of the corresponding carboxylic 


acid. 
Jar 


i 
H4C—6—OCEH; T Н+ В 


+Ö—H *0—H :O—H 
S | | 


H,C—C—OCH,; «—» нус—сС-“бсн, «— H;C—C=OCH; + H0O (214a) 
3 CG 


protonated ester; 
pA, = —6 
Amides are considerably more basic than other carboxylic acid derivatives. This basicity, 
relative to esters, is a reflection of the reduced electronegativity of nitrogen relative to oxygen. 
That i5. the resonance structures in which positive charge is shared on nitrogen are particularly 
important for a protonated amide. 


T 
H,C—C— NH, + H,Ot <= 
tO—H +O—H :—H 
| 


" amt 
H,C—C—NH, *—À- H,C—C-—NH; “—* НС—С==МН, | + НО (214b) 


protonated amide; 
рКа = —0.510 —1 
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Both esters and amides, like carboxylic acids (Sec. 20.4B). protonate on the carbonyl oxy- 
gen. Protonation of esters on the carboxylate oxygen, or protonation of amides on the nitro- 
gen, would give a cation that is not resonance-stabilized, and additionally, one that is destabi- 
lized by the electron-attracting polar effect of the carbonyl group. The site of protonation of 
amides was for many years a subject of controversy. because ammonia and amines (R,N:) аге 


protonated on nitrogen. However, protonation of an amide on nitrogen is less favorable than 
Lr] carbonyl protonation by about 8 pK, units. 
STUDY GUIDE LINK 21.2 Nitriles are very weak bases; protonated nitriles have a pK, of about — 10. To put this in per- 
Basicity of Nitriles spective, a protonated nitrile is about as acidic as the strong acid HI. 


+ + a 
HIC—CEsN: + HOt ж =” Iuc—c cA —n -— — HC—C—R—AH | + Ho (21.5) 


protonated nitrile; 
рКа = — 10 


An Amide with a Twist 

A graphic demonstration of the importance of resonance in amides and their conjugate acids was 
provided when, in 2006, chemists at CalTech led by Prof. Brian Stoltz synthesized the conjugate acid 
of the cyclic amide 2-quinuclidone. 


2-quinuclidone 
(conjugate acid) 


They showed that this amide, unlike ordinary amides, protonates on nitrogen rather than on the car- 
bonyl oxygen.The reason for this difference is that the ion that would result from protonation of the 
carbonyl oxygen is not resonance-stabilized because the resonance structure of the O-protonated 
amide violates Bredt's rule (Sec. 7.6C). 


twisted double bond 
(violates Bredt's rule) 


oxygen-protonated 
2-quinuclidone 


In terms of the orbitals involved, the orbitals containing the nitrogen unshared pair and the 7 orbital 
of the carbonyl group are perpendicular and cannot overlap. In other words, the amide bond is 
twisted because of the bicyclic ring structure, and a rotation about the nitrogen-carbon bond that 
would allow orbital overlap to occur would introduce a large degree of strain. (See Sec. 15.6B, quide- 
line 4, p. 712.) 
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perpendicular orbitals 
cannot overlap and interact 


\ 


N 


E єў 
ма 


As a result, nitrogen behaves more like an amine nitrogen than an amide nitrogen. (Amines are basic 
and are readily protonated by acids.) An attempt to form unprotonated 2-quinuclidone by treatment 
of its conjugate acid with base in aqueous solution resulted in its very rapid hydrolysis to form the 
cyclic amino acid. As you'll learn in Sec. 21.7, ordinary amides hydrolyze rather slowly because they are 
stabilized by the resonance interaction within the amide bond. Lacking this stabilization, 2-quinucli- 
done is unusually reactive. 


аас Й 21.9 Which of the two isomers in each of the following sets should have the greater basicity at the 
carbonyl oxygen? Explain. 
(a) О 


2 


| 
H,C—CH—CH—C—OCH, ог H,C—C—O—CH,—CH=CH, : 


e { [| 
спо )-6-осн or P C—OC;H; 


CHO 


(b) 


INTRODUCTION TO THE REACTIONS 
OF CARBOXYLIC ACID DERIVATIVES 


The reactions of carboxylic acid derivatives can be categorized as follows: 


|. reactions at the carbonyl group (or cyano group of a nitrile) 
a. reactions at the carbonyl oxygen or cyano nitrogen 

b, reactions at the carbonyl carbon or cyano carbon 
reactions involving the a-carbon 

. Teactions at the nitrogen of amides 


u pb 


The reaction of carboxylic acids and their derivatives as Bronsted bases, illustrated tn the 
previous section, 1s an example of reaction type la. This type of reaction often serves as the 
first step in acid-catalyzed reactions of carboxylic acid derivatives. 

As with carboxylic acids. the major carbonyl-group reaction of carboxylic acid derivatives 
is a reaction of type 1b. This reaction, substitution at the carbonyl carbon, is also called acyl 
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substitution, Асу] substitution can be represented generally as follows. with E = an elec- 
trophilic group und Y = a nucleophile group: 


С) O 
ыы ү а = 
te == ——- К ee Бе (21.64 
carboxylic acid atiother 
derivative carboxylic acid 


deris atiye 


an acyl group ~ 


R—CG— ^ 


The termi ev? sutbstitution comes from the fact that substitution occurs at the carbonyl carbon 
of an acyl group. dn other words, an асу group is transferred in Eq. 21.6 between an — X and 
а Y group. The group — X might be the — Cl of an acid chloride. the -OR of an ester, and 
So on: this ereup is substituted by another group — Y. This is precisely the same ts pe of reac- 
lion as estentication ol curboxs he acids (А — — OH. E -Y = H—OCH;: Sec. 20.8 À 1. 
Асу substitution reactions ef carboxy lie acid derivatives are the major focus of this chapter. 

Although nitriles are not varbony] compounds. the C==N bond behaves chemically much 
like a carbons | group. For example. а раса reaction of nitriles is addition, 


" 
| 


R—t(€(—N: + BS ——- RC N—f BIET 


(Compare this reaction. with addition to the carbonyl group of an. aldehyde or. ketone.) 
Although the resulting addition products are stable in some cases, in most stluztions they react 
Further. 

Like aldehydes and ketones. carboxstie acid derivatives undergo: certain reactions 
imolving the e-garbon, The e-carhon. reactions of all carbons! compounds are. grouped 
together in Chapter 22, The reactivity of amides at nitrogen is discussed in Sec. 23.1 1H. 


HYDROLYSIS OF CARBOXYLIC ACID DERIVATIVES 


АП carboxylic acid derivatives fave in common the fact that they undergo уйку (a cleay- 
age reaction With water) to yield carboxy He acids. 


A. Hydrolysis of Esters 


Saponification of Esters Ome of the most important reactions of esters is the cleavage re- 
action with hydroxide ion to vied a carboxylate salt and an alcohol. The curboxs lie avid хе 
Is formed when a strong acid is subsequently added to the reaction mixture. 


| — | - yy ‚ 
97. CH; i Nd Ox 4 11 
| | 
A н A 22“ 
_ i 1 at M 1 ZI | 

| + QH = Gea i | — | | if SE 

А B Ux EN 
М. NE. RON 


CHOH 3-nitrobenzoic acid 


[*H). Uf уре]! 


methyl 3-nitrobenzoate 


" 
` 


d 
| 


-C—C 
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+ 


Нон, 
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Ester hydrolysis in aqueous hydroxide is called saponification because it ts used in the 
production of soups from fats (Sec. 21.1 2B 3. Despite its association with fatt aed esters. the 
term. мерен {синен can be used te refer to the hydrolysis in base of am carboxslie acid 
deris ative. 

The mechanism of ester saüponilication involves the reaction of the nucleophilic hydroxide 
ion at the carbonyl carbon to give a tetrahedral addition intermediate from which an alkoxide 
ion Is expelled. 


= С TOL 
СОСН, cm a uc» ЕСЕ СИ SOC. үзүш 
X А | wa 
EVE ur 


tel rahedral 
acdibion intermedite 


The охе ion, after expulsion as a leaving group emethoxide in Ey. 21.92). reacts with the 
acid to give the carboxylate salt and the alcohol. 


Tor BY 
T Ма 1. | an =e 
R—C—O—H + OCH. я” REO - EI OCH, (21.9 
pa, do pA, ba 


The equilibrium in this reaction lies Far to the right because the carboxylic acid is a much 
stronger acid than methanol. Le Chatelier’s principle operates: The reaction in Eg. 21.96 
removes the earbossylie acid from the equilibrium in Eq. 219a as Цу salt and thus drives the 
hydrolysis to completion. Hence. saponificarton is effectively irreversible. Although an excess 
of hydroxide ton is often used as a matter of convenience, many esters cam be saponilied with 
just one equivalent of OH. Saponifieation van also be carried out in an aleohol solvent, even 
though an alcohol is one af the produets of the reaction. [T saponification were reversible. an 
dicohal could not be used as the solvent because the equilibrium would be driven tow and start- 
ing materials, 


Acid-Catalyzed Ester Hydrolysis Because esteritication ol an acid with an alcohol а 
reversible reaction (See. 208 AL esters can be hydrolyzed to carboxs He aeids in aqueous sn- 
lutions of strong acids. In most cases. (his reaction Is slow arid must be carried out with anes- 
cess of walen in which most esters ure insoluble. Saponification, followed by aeulitication, 15 
a much more convenient method for hydrolysis of most esters because i ds faster. H ds Ire- 
versible. and it ean be curried out nol only in water but also in a variety of solyents—even 
alcohols, 

As expected from the principle of mieroseopie reversibility (Sec. 4,9B y, the mechanism of 
acid-catalyzed hydrolysis is the exact reverse of the mechanism of acid-catalyzed esterific- 
tion (See. HALRA). The ester is first protonated by the acid catalyst: 


MEM uH 2H 

eot УЛ Y 

^| ba É 3 +. ре 
<— |К €C—QUH, -—À R—C-—OCH, а R—C-—OCH,| - НО) 


L 


крб 
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A» in other acil-catalyzed reactions af the carbonyl group. protonation makes the carbonyl 
carbon more electrophilic by making the carbonyl oxygen a hetter acceptor of electrons. Water, 
acting as a nucleophile, reacts at the carbonyl carbon and then loses а proton to give the tetra- 
hedral addition intermediate: 


+H 7 p 
tO OH ОН 
S. 


RCS OGL ж” R—C—OCH, R—C—OCH, - HOH 21.100) 


. | 
:ÓH, HOH :OH 
7 tetrahedral addition 
intermediate 


Protonation of the leaving oxygen converts ib into a hetter leaving group. Loss of this group 
gives a protonated carboxylic acid, from which a proton is removed to give the carboxylic avid 


Itself. 
ОН OI] H 
| тин 
К C—OCH,; - R—C--OCll; а 
I [Ме 
OH OH 
OH oT OU OH 
: 2 : an 
| SP. NF Б . " t 
R—C ese ow R—C7 OSH в о-у “> R—C€-—O0- HO 
D. ы ce — ы 
+ CHH TIRY 
aa Let's summarize Ihe important differences between actd-catalyzed ester hydrolysis and 
ester saponificution. First, in aeid-catalyzed hydrolysis, the carbonyl carbon can react with the 


чи ЛЫК relatively weak nucleophile water because the carbonyl oxygen is protonated. In base. the car- 
Ester Hydrolysis bonyi oxygen is not protonated: hence, a much stronger base than water— namely, hydroxide 
lon —is required io react at the carbonyl carbon. Second, acid catafvzes ester hydrolysis, but 
base is not a catalvsr because it is consumed oy the reaction in Eq. 219b. Finally, acid-cat- 
~. alyzed ester hydrolysis is reversible, but saponification ts irreversible, again because of the 

Further Exploration 21.2 ionization in Eq. 21.9. 
LANE ee Ester hydrolysis and saponification ure both examples of acyt substitution (Sec. 21.6). 
Carbon Paper Speciheally. the mechanisms of these reactions are classified as nucleophilic acyl substitu- 


tion mechanisms. іп a nucleophilic acy] substitution reaction, the substituting group reacts as 
a nucleophile at the carbonyl carbon. As in the reactions of aldehydes and Ketones (Fie. 19.8. 
p. 909). nucleophiles approach the curhony] carbon from above or helow the plane of the gar- 
bony] group (Fig. 21.5). first interacting with the я (antibonding) molecular orbital of the 
carbonyl group. As the result of this reaction, а tetrahedral addition intermediate is formed. 
The leaving group is expelled from this intermediate. departing from above or below the plane 
of the new carbonyl group. In saponification. the nucleophile is TOH. and in acid-cutalysed 
hydrolysis, the nucleophile is water: in both cases, the — OR group ot the ester is displaced. 
With the exception of the reactions of nitriles, most of the reactions in the remainder of this 
chapter are nucleophilic асу! substitution reactions. They follow the same pattern as saponifi- 
cation. the only substantial difference being the identity of the nucleophiles and the leaving 


groups. 
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sp?-hybridized 
carbon 


sp?-hybridized. 


sp?-hybridized | | 
carbon 


carbon 


109° 5. i 
24 (Rl Ge 2120 
= m D ў — ' 5. О: ғ Q: 
=120°/ [сйс —- "RN PPS es e 
(eR = ey — "< 
| Мис 
“Ыис Мис | 
tetrahedral R'O 


Addition 
intermediate 


Figure 21.5 The geometry of nucleophilic acyl substitution. The nucleophile (Мис: ^) approaches the carbonyl 
carbon above or below the carbonyl plane (gray) to form a tetrahedral intermediate, The leaving group (R O~} de- 
parts from above or below the plane of the newly formed carbonyl group [bfvel. The green arrows show the move- 
ment of the various groups. 


Hydrolysis and Formation of Lactones Because lactones are сусПс esters, they un- 
dergo the reactions of esters, including saponification. Saponification converts a lactone com- 
pletely into Ihe carboxylate salt of the corresponding hydroxy acid. 


С) 0 
| | | 
( == 
К” p 
x ~ — ОН —- a (OLED 
/ 
y-butyrolactone y-hydroxybutyrate 


Upon acidification. the hydroxy acid forms. However, if a hydroxy acid ts allowed to stand in 
acidic solution. it comes to equilibrium with the corresponding lactone, The formation of a 
lactone from a hydroxy acid is nothing more than an mtremolecufar esterification Can esterifi- 
cation within the same molecule) and. like esterification, the lactonization equilibrium is acid- 
catalyzed, 


C) 0) 


| acid | 
С. — OH catalyst ý 


4 — O+ HO К = 160 (21.12) 
\ 


ОН 
С) 
| n" 
Н дщ} ч 
мауы L) 
WE p + HO ао (21.13 
OH 


As the examples in. Eqs. 21.12 and 21.13 illustrate, lactones containing five- and 
six-membered rings are favored. af equilibrium over their corresponding hydroxy acids, 
Although lactones with ring sizes smaller than five or larger than six are well known. they are 
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less stable than their corresponding hsdroxy acids; Consequently, the lactonization equilibria 
tor these compounds favor instead the hydroxy acids. 


() 
| л] 0) 
—i(;—1)11 zdtalvst T H.O almost no faster TERI 
» = | : MNT 11l. 
он 24— ——— SO present at equilibrium i i 


B. Hydrolysis of Amides 


Amides сап he hydrolyzed to carboxy lie acids and ammonia or amines by heating them in 
acidic or basic solution. 


Ph O Ph Q 


| | 33 wf "a Н, 


| + 
CEFCHCHC— NH; + HLO CH4UCH.CIHI&— OI + NH, HSO rpg 


heat 2 h 


2-phenylbutanamide 2-phenylbutanoic acid 
IAS CU viele t 


In acid. protonation of the ammonia or amine product drives the hydrolysis equilibrium to 
completion. The amine can be isolated, if desired. by addition of base to the reaction mixture 
following hydrolysis. as in the following example. 


protenated amine 


O | 
| | 
NH—C—CUMH, үн, C17 NH. 


br AL Br L m 
i TORIES N O] d 
| $y» | | ——— | 
м, TT id 
[. 


СН; CH, Cl 
+ CH COMI НА" viel 


Fo HO = C€CÍT үл] нб 


The hydrolysis of amides in base is analogous te the saponilicatiem of esters; In base. the 
reaction is driven bo completion by formation of the carboxylic асы salt. 


Q 


м NO " 
2 2 | | 


Arta KC, len | | "n 
| ТЕЛЛЕ: > | EHESS O K*. үзүрү 
| р aa 


ОСИ, (MEE. 


95-97" viele 


The conditions for both acid- and base-promoted amide hydrolysis are considerably more 
severe than the corresponding reactions of esters. That is; amides are considerably Jess reac- 
five than esters; The relative reactivities of earboxslie acid derivatives are discussed in Sec. 
21.7E. 

The mechanisms of amide hydrolysis are турка nucleophilie acyl substitution mecha- 
nisms; vou are asked to explore this point in Problem 21.10. 
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PROBLEMS : ; i | Р cage Nome, 
| PROBLEMS | 21.10 Show in detail curved-arrow the hydrolysis mechanism of N-methylhenzamide (a) in acidic 
solution; (b) in aqueous NaOH. Assume that each mechanism involves a tetrahedral addi- 
tion intermediate. 
21.11 Give the structures of the hydrolysis products that result from each of the following reac- 
tions. Be sure to show the product stereochemistry in part (b). 
(a) Q 


| E. 
снуен—с—х ] + H-O MON D. 


au H,O,H,O ,heat, — NaOH. 


C 
\ 
O 


(h) 


C. Hydrolysis of Nitriles 


Nitriles are hydrolyzed to carboxylic acids and ammonia by heating them in strongly acidic or 
strongly basic solution. 


PhCH,—C=N + 29,0 + HSO, 5 PhCH,—CO,H + NHT HSO; (21.18) 
57 wt 96) 
phenylacetonitrile iii phenylacetic acid 
(78% yield) 
О 
CEN Се К” COH 
" heat HOT = 
+ KOH + H;O Ee —_—» + ~ 
+ NH; 


I -cyclohexenecarboxylic acid 
(79% vield) 


1-cyclohexenecarbonitrile 
(21.19) 
Nitriles hydrolyze more slowly than esters and amides. Consequently, the conditions required 

for the hydrolysis of nitriles are more severe. 


The mechanism of nitrile hydrolysis in acidic solution involves, first, protonation of the ni- 
trogen (Sec. 21.5): 


> 
ae 
' 


R—C=N: H—OH; «> R—C=N—H + :ОН, (21.202) 


This protonation makes the nitrile carbon much more electrophilic, just as protonation of a 
carbonyl oxygen makes a carbonyl carbon more electrophilic. A nucleophilic reaction of 
water at the nitrile carbon and loss of a proton gives an intermediate called an imidic acid. 


pe Н, "E pro - 


R—CEN—H => TM —KN—H —9U. g—C-—N—H-HjÓ* (21206) 
M an imidic acid 


4 
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: OH 


(= 


Те 
R—CESN: 


VH 


P is C 


An imide acid is the nitrogen analog of an enol (Sec, 145A That is. ап midig acil is to an 
amide as an enol is to a ketone. 


ү" | OH | 
| | 
К — == м lI —C— NH: R C=CH, R—C—UH; 
imc acid anie unul ketone 


Just as enols are converted spontaneously into aldehydes or ketones, an гтл acid is con- 
verted under the reaction conditions mto an amide: 


| AN 
:i0—H :O —H | Har 
+ | 


Н. 


МИ ==> R—C-CNH; я>» R—C—NIL| жу” СМИ, + О? 


(2) 2) 


Because amide hydrolysis is faster than nitrile hydrolysis. the amide formed in Eq. 21.20c 
docs nob survive under the vigorous conditions of nitrile hydrolysis and is therelore hy- 
drolyved to a carboxylic acid and ammonium ton. as discussed in Sec. 21.7B. Thus. the 
ultimate product of nitrile hydrolysis in acid ts a curboxylie acid. 

Notice that nitriles behave mechanistically much Ike carbonyl compounds. Compare, for 
example. the mechanism of acid-promoted nitrile hydrolysis ii Egs. 21.202 and b with that for 
the acid-catalvzed hydration of an aldehyde or ketone (Sec. 19.7A). In both mechanisms, an 
electronegative atom is protonated tnitrogen of the C==N bond. or oxygen of the C=O 
bondi. and water then reacts as a nucleophile at the carbon of the resulting cation. 

The parallel between nitrile and carbonyl chemistry is further illustrated by the hydrolysis 
of nitriles in base, The nitrile group. like a carbonyl group. reacts with basic nucleophiles and. 
as а result, the electronegative nitrogen assumes a negative charge. Proton transler gives an 
imidic acid (which, like a curboxyle acid, lonizes in base). 

Pun iu 


OH 


=> R т\т —— >” qR—C—NH жс” R—U-NHcILBO thin 
Он Он irn 
imidic acid ШИ 
imidic acid 
As їп acid-promoted hydrolysis, the imidie. acid. reacts further to give the corresponding 
amide, which. in turn, hydrolyzes under the reaction conditions to the carboxylate salt of the 
corresponding varhoxyiie acid (Sec. 21.7B). 
TOT Tor 
Б .. | и 
R—U-—NH —- R—C SH = 
- "+ 
О: d 16): 
"АГ 
| sa .. hyvdralvsus | , 
R—CG— М1, + ОН —————- WK—C—O07 ONH: (2121 
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D. Hydrolysis of Acid Chlorides and Anhydrides 


Acid chlorides and anhydrides react rapidi with water, even in the absence of acids or bases. 


Q 
11 COH 
Tem temperature, ird - 
| Qi H.O lew minutes | үз. o5 
С; 
h H^ Som 
(93a vield) 
) 
Ph o ма. Н? Ph j 
; | | | aH at | . В 
111—1 + Н.) — ГА + CIT. {31.233 
Ph Ph 


| 295" vield) 


However, the hydrolysis reactions of acid chlorides and anhydrides are almost never used for 
the preparation of carboxylle acids because these derivatives are themselves usually prepared 
From acids (Sec, 20,9). Rather, these reactions serve as reminders that i£ samples of acid chlo- 
rides and anhydrides are allowed to come into contact with moisture they will rapidly become 
contaminated with the corresponding carboxy He acids. 


E. Mechanisms and Reactivity in Nucleophilic Acyl 
Substitution Reactions 


As we've seen, all carboxylic acid derivatives can he hydrolyzed to carboxylic acids: however. 
the conditions under which the different derivatives are hydrolyzed differ considerably. Hydrol- 
ysis reactions of amides and nitriles require heat as well as acid or base: hydrolysis reactions of 
esters require acid or base, but require heating only briefly. if at all: and hydrolysis reactions of 
acid chlorides and anhydrides occur rapidly at room temperature even in the absence of acid and 
base. These trends in reactivity, which are observed not only in hydrolysis but in aff nucleophilic 
асу substitution reactions, сап be summarized as follows: 


Reactivities of carboxvtic acid derivatives in nucleophilic acy? substitution reactions: 


nitriles < amides < esters, acids << anhydrides < acid chlorides 


UH 


(The reactions of nitriles ure additions, not substitutions. but are included Гог comparison.) 

The practical signiticance of this reactivity order is that selective reactions are possible. In 
other words, an ester can he hydrolyzed under conditions that will leave an amide in the same 
molecule unaffected: likewise. nucleophilic suhstitution reactions on an acid chloride сап be 
carried out under conditions that will leave an ester group unaffected. 

Understanding the trends in relative reactivity requires, first, an understanding of the mecha- 
nisms by which nucleophilic acyl substitution reactions take place. (The reactivity of nitriles Is 
considered later.) Lets start with a reaction free-energy diagram for à generalized carbonyl sub- 
stitution reaction that occurs under neutral or basic conditions. Carbonyl substitution involves 


1012 


CHAPTER 21 * THE CHEMISTRY OF CARBOXYLIC ACID DERIVATIVES 


STANDARD FREE ENERGY -. 


the reaction of a nucleophile Nuc? with a carbonyl compound to form a tetrahedral addition in- 
termediate, which then breaks down with loss of a leaving group Х?. 


‘Ors 10:5 ir 
l- |= | 
R—C—K а am =” R—C-—Nuc + 7X (21.25) 
Rue Nuc 
tetrahedral addition 
intermediate 


In this generalized reaction, let's imagine that reactants and products are of comparable 
stability and that the transition states for both formation and breakdown of the tetrahedral ad- 
dition intermediates have the same energies. (The case in which Nuc: is identical to XF is the 
simplest example of such a case.) The reaction free-energy diagram for this case is shown in 
Fig. 21.62. 


У 21 worse 
| | leaving group 
ШЕ E ^ =, 
E—6—X pes better 
+ Nuci” . | leaving group | 


-m m "om пан чан ee -X лин. пин. GER Gm GL GER Gum Gum шш = Rm Gn Omm nm Gm шл mn ыш GR Gd cm guy не НЕ ade Se dm» 


нт "ыш — шг чан шш шш шш шш шыш шш 


= um пып - See See ш CH ЫЬ дшш ыт чер ӘР ШЕ GB ume Чыг Чг "ын шш iX чыш "ыш шш шш 3 иш. пыш чыл шш. шшш чыш пын шыш шыш лыш шыш шыш лыш ш: ЛЫШ ЫШ. 


Ус. | carbonyl compound 
pre Ss - 0 ci cm ess is less stable | 


carbonyl compound 


is more stable 


reaction coordinate 


Figure 21.6 How the structure of a carbonyl compound affects the rates of its nucleophilic substitution reac- 
tions.In each case,the reactive intermediate is the tetrahedral addition intermediate (see Eq. 21.25). The transition 
state for the reaction of the nucleophile is shown at the same energy level in all three parts for reference. (a) А re- 
action free-energy diagram for a generalized reaction in which the reactants and products have the same stan- 
dard free energy, and the transition states for the two steps shown in Eq. 21.25 also have the same standard free 
energy. (b) When a carbonyl compound (for example, an amide) is stabilized by resonance and when it contains a 
poor leaving group, the rates of both formation and breakdown of the tetrahedral addition intermediate are de- 
creased, and nucleophilic substitution is slower. An increase in the stability of the carbonyl compound decreases 
the rate by increasing the free-energy difference between reactant and transition state. (c) When a carbonyl com- 
pound (for example, an acid chloride) is destabilized and when it contains an excellent leaving group, the rates of 
both formation and breakdown of the tetrahedral addition intermediate are increased, and nucleophilic substitu- 
tion is faster. 
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Two major factors ean alter this diagram and thus affect the rate of a carbons] substitution 


reae ion: 


1. the stability of the carbonyl eompound. and 
2. the leasing-group ability of Xi 


These two factors tend to track together. 

Lets exanime (Wo extreme cases to understand the effect of these fictors on reaction rate. 
First, consider the reaction of a nucieophile (for example. OH) with an amide. This situation 
IS depicted in Pre. 216b. Ave amide is stabilized by rte resonance interaction af the imshiared 
electron pair of rhe nitrogen with the curbonvi ereup. as Follow м: 


(3: XD 
Vl ^ | 


Fol. + 
R—C—NH. а R—uU—NII. (2261 


This stabilization increases the energy difference between the amide and the tetrahedral adili- 
tion intermediate. in which this resonance interaction is not present. The leaving group in this 
сим inthe amide anion. :NI [., whieh а poor beaux ing group because Ibis a very streng hase: 
the pA of its conjugate acid (NIE) is about 32. The difficulix in expelling a very buste leav- 
ing group is reflected in a higher free-energy barrier for the second мер, breakdown of the 
tetrahedral addition intermediate, As a result, the second step is rate-limiting. 

Remember that reactivity is governed by the хет free energy of activation АО". 
which is the difference in the standard free energies of the rate-limiting transition slate and the 
reactants (Sec. ВС. Also recall that reactions with larger 3G?* are slower than reactions 
with smaller А, For amide hydrolysis. the standard free energy of activation is the dilter- 
ence between the standandi free energy of the rate-limiting transition state—thie transition state 
for breakdown of the tetrahedral intermediate—and that of the starting amide. As Fig. 21.6h 
shows, this is a much greater АС than in Fig. 21.6a. Hence, amide hydrolysis is a partion- 
ті xlow reaction and therefore requires harsh reaction conditions to proceed at a reasonable 


rale. 


You max hase noticed thatthe products of the reaction in Fig, 21б ure Jess stable than the reuetants, 
This is u direct reflection of the Pwt that the dearing group is mugh morg basic than the nucleophiie. 
Don’t Forget that а subsequent amd very rapid step ob amide hydrolysis ts not shown in this diagram — 
namely. ionization af the carboxsiie acid. product and protonation of the amide ien: 


C) |) (1 


E . | ХМ vm mU . . 
IR——€—N - Ol a SE H—i0—U0-—||- М а te + TIN (21.271 
n "в ak ` +" 
| лат Тл in 


an ande an amie in Jn amine 


тита produits ot 
ande hydrolysis 


Its this lust, veni En orale, equilibrium: that drives base-promoted amide hydrolysis to completion. 


Notice particularly the role of reactant stabiftzatios im reducing the reachon rate, Кеси! 
that this ts also an important Factor in the тешме reaeus Ires of aldehydes and Ketones (Sec. 
19.70). Notice also that the electron-donating abrlity—the Lewis basies -ot the ите ni- 
trogen is really at the heart of both the reactant-stabilization and the leaving-group effects. fis 
ability to donate electrons бу resonance governs the reactant-stahilization. effect and its 
spring көнме basicity makes the nitrogen a poor leaving group. Amides in which this reso- 
палсе interaction is absent are actually very reactive! (See the sidebar on pp. 1002-1003. 1 
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The saponification of esters van be analyzed much like the basce-promoted hydrolysis of 
amides. Esters are also stabilized by the resonance interaction between the carboxylate oxy- 
gen and the carbonyl eroup. This places a positive charge on the carboxylate oxygen: 


„СЭ: Су 
(ол. M" 
R—C-—ÜÓR' 4—- R—C—ÓOR' i228 


Because oxygen is more electronegative than nitrogen. this resonance interaction is less um- 
portant in ап ester than ibis in an amide: hence. esters are stabilized less by resonance than 
amides are. Thus. the carbons | stabilization effect in an ester is less pronounced than itis in an 
amide. Now consider the leaving group: an alkoxide ion is much less basic than an amide ion: 
hence. the increase in the energy barrier resulting from leaving group basicity is less pro- 
nounced in an ester as well. Esters. then. are more reactive than amides. 

Let's now go to the other end of the reactivity spectrum: acid chlorides. This case is depicted 
in Fig. 21.6c. The resonance interaction between a chlorine unshared electron pair and the car- 
бошу] group is rather ineffective because il requires tie overlap of a chlorine 3p orbital with a 
curban 2p orbital. Because this overlap is very poor (Fig. 16.7. p. 7713, achi chlorides are sta- 
bilized much less by resonance than esters or amides are; What's more, the polar effect of the 
chlorine also destabilizes the carbonyl compound through an unfavorable interaction of the car- 
bon-hlerine bond dipole with the partial positive charge on the carbonyl carbon: 


the partial positive charge on the carbonyl carbon | m= а | 
interacts unfavorably with the positive end of ‚Кес —LJ 


the carbon-chlorine bond dipole | eo +> 


Acid chlorides, then. are destabilized relative to amides or esters. and this destabilization re- 
duces the standard free-energs ditlerence between an acid chloride and its transition stale. 

Now consider the leaving-group etlect in the hydrolysis of an acid chloride. Because chlo- 
ride ion is à vers weak base. itis an excellent leaving group. [ts leaving-group ability ts re- 
fected in a decrease in the transition-state energy tor the breakdown of the tetrahedral addi- 
Hon intermediate. [n fact. this transition-state. energy 1s decreased so much that the first 
мер: reaction. with the nucleophile—becontes rate-limiting. The overall result implied Бу 
Fig. 21.6c 15 that acid chloride hydrolysis should have a much smaller AG* than ester or 
amide hydrolysis. This means that acid chloride hydrolysis should be much faster than amide 
or ester hydrolysis. as observed. 

The resonance stabilization of an anhydride is more important than that in an acid chloride 
(why?) but less important than that of an ester because of the repulsion between the positive 
charge on the carhovylate oxygen and the partial positive charge on the carhonyl carbon: 


E . TOTEM O 

| |] | 
RTO) © R —- «COR CSS ee a [11.251 

M sci i r 

NE 


| repulsion between 


like charges 


Hence. from the point of view of reactant stabilization, an anhydride should be more reacts e 
than an ester. but less reactive than an acid chloride. The leaving group in an anhydride is u 
carboxy late anton—the conjugate base of u carboxylic acid. which has a pK, typically in the 
4—5 range. This leaving group ts considerably more basic than a chloride ion, but considerably 
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less basic than an alkoxide ion. Hence, an analysis of leaving-group ability also places anhy- 
drides between acid chlorides and esters in reactivity, and this is what is observed, 
The following two important principles about nucleophilic carbonyl substitution have 
emerged from this discussion: 
[. Stabilization of the carbonyl compound decreases reactivity: destabilization of the car- 
bonyl compound increases reactivity. 
2. Higher basicity of the leaving group decreases reactivity; lower basicity increases 
reactivity. 


To summarize: 


© 
esters, 
R= Oe—ah amides carboxylic acids anhydrides acid chlorides 
| (21.30) 
X = — NH, — 87 — OH — 0ER — С 


Although this detailed analysis has been carried out for reactions that involve a negatively 
charged nucleophile, the same conclusions are obtained from an analysis of acid-catalyzed re- 
actions. 

What about nitriles? Reactions of nitriles in base are slower than those of other acid 
derivatives because nitrogen is less electronegative than oxygen and accepts additional elec- 
trons less readily. Reactions of nitriles in acid are slower because of their extremely Iow basic- 
ities. [tis the protonated form of a nitrile that reacts with nucleophiles in acid solution, but so 
little of this form is present (Sec. 21.5) that the rate of the reaction is very small. 


PROBLEMS 


2].12 Use an analysis of resonance effects and leaving-group basicities to explain why acid-cat- 
alyzed hydrolysis of esters is faster than acid-catalyzed hydroiysis of amides. 

21.13 Which should be faster: base-promoted hydrolysis of an acid fluoride or base-promoted hy- 
drolysis of an acid chloride? Explain your reasoning. 

21.14 Complete the following reactions. 
(à) О j 


N=C—CH,—C—OCH; + "OH(lequiv) -Eora 


H;O 
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REACTIONS OF CARBOXYLIC ACID 
DERIVATIVES WITH NUCLEOPHILES 


Section 21.7 showed that all carboxylic acid derivatiyes hydrolyze lo carboxslie acids. Vater 
and hydroxide ion, the nucleophiles involved in hsdrols sis; are only tio ot the nucleophiles 
that react with carboxylic acid derivatives, This section shows how the reactions of other nu- 
cleophiles with carboxs dig acid derivatives ean be used to prepare other carboxy le aed deriv- 
atis es, As vou proceed through this section, notice how all of the reactions fit the pattern of nt- 
меори асу substitution, 


A. Reactions of Acid Chlorides with Nucleophiles 


Among the most usetul ways of preparing carboxylic acid derivatives are the reactions of acid 
chlorides with various nucleophiles, Because of the great reactivits of acid chlorides. such re- 
actions are typically very rapid and can be carried out under mild conditions. Recall that acid 
chlorides are readily prepared trom the corresponding carboxs le acids (Sec. 20.94 7, 


Reactions of Acid Chlorides with Ammonia and Amines Acid chlorides reuct 
rapidly and irreversibly wilh ammonia or amines to gie amides, Reaction of an acid chloride 
with алто yields à primary amide: 


С) (7 
Bus | T T 
CHAC) р – МИ. moe UBEUCH-s—C— NH. or NEL, 7 ар 
decanoyl chloride НОП | decanamide 


a primary amide 
РАШТ vield | 


Reaction of an acid chloride with a primary анине can amine ot the form RAH.) gives и ser- 
ondary amide: 


oO С} _ 
y Oo | uU 
Ph—C—Cl ~ PhCH.CH.NH. + | ——»- Pph—C-—NHCH.CH;Ph. = (71.32) 
а и аршы “sa ne ST 
d pPEma alte T d SUCCEHTLIITV Jimi ` -]— 
B (89 98s vieldi \ Cl 
HI 


Reaction olan acid chloride with a есеге ипине an amine of the form R.NH gives a ter- 
Wars amide: 


{) Q 
РС + Н: + ман — Ph—t.—AN: | eque xat э] 
ра. Мы 
A secoimdary a dertiary amie 
amine (y Мау) 


These reuctions are alf additional examples of nucleophilic aes] substitution, 
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Further Exploration 21.3 
Reaction of Tertiary 
Amines with Acid 
Chlorides 


. 


+ C—C : R'7- NH. 


water-soluble 


A proton is removed from the amide nitrogen in the last step of the mechanism. Unless another 
hase 18 added to the reaction mixture, tae starting amine acts ax the base in this step. Hence, Гог 
auch equivalent of amide that is formed. an equisalent of amine is protonated. When the amine 
Is Protonzted. is electron pair 1s taken "out of actions and the amine ts no longer nucleophilic. 


H 
SH n 
R^ ^q pe dr Su 


а strong hase аты] 
a god nucleophile 


protonated amine: 
саптан Ael as d 
nus сори 


Henge, it the only Вахе present is the amine nucleophile (for example, as in Eq. 21.34 then at 
least Pme equisalents must be used: one equivalent as the nucleophile and one as the base in 
the tinal proton-transter step. 

The use of excess amine is practical when the amine i cheap and readily available. An- 
other alternative 15 to use a ertir amine tan amine of the form Күм: such as treth» lamine 
or pyridine as the base tig. 21.324 


X au 
[| GH cH = к=; 
А p 
S (HGH, 
pyridine triethylamine 


The presence of a terian amine does not interfere with amide formation by another amine De- 
Cause a lertiary amine itself cunnot Form an amide. Ау The use of a tertiary amine is partic- 
ularly practical it the amine used to form the amide is expensive and cannot be used in excess, 

Yet another alternative for amide formation is to use the Screen. Велл technique. In 
this method, the reaction is run with an acid chloride in a separate layer teither alone or in a 
solvent) over an aqueous solution of NaOH (Eq. 21.33). Hydrolysis of the acid chloride by 
NaOH is avoided because acid chlorides are typically insoluble in water and therefore are not 
in direct contact with the water-soluble hydroxide ion. The amine, which is soluble in the acid 
chloride solution. reaets to yield an amide. The aqueous NaOH extracts апа neutralizes the 
protonated amine that is formed, 


z occurs in the 
occurs in the 


aqueous layer 


organic layer 


OH 


+ 
B= NHR + R'— NIL CGT —— 


water-soluble 


— R — NH. - HQ 


Е 
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The important point about all of the methods for preparing amides is that either two equiv- 
alents of amine must be used. or an equivalent of base must be added to etfect the final 
neutralization, 


Reaction of Acid Chlorides with Alcohols and Phenols [sters are formed rapidly 
when acid chlorides react with alcohols or phenols. [n principle, the HCI liberated in the 
reaction need not be neutralized because alcohols and phenols are not Basic enough lo be ex- 
tensively protonated by the acid. However, some esters (such as tert-butyl esters; see Further 
Exploration 21.2) and aleohels (such as тетишгу alcohols: Sees. TOJ und 10.2: are sensitive to 
acid. [n practice. a tertiary amine like pyridine is added to the reaction mixture or is even used 
as the solvent to neutralize the HCI. 


( ) 
| 
O11 Ok —EHi 
pu Y 
| p rajine ' 
– {iS HCI WET 
| | cher 

2 . (reacts wit! 
"e acetyl chloride Hat CH; ace 


3,5-dimethylphenol 3,5-dimethylphenyl acetate 


ШЕШ viehi 1 


d inm 
i II i 
Ph—C—cl] + (в e poH - Ие (21.3883 


(гс Гэ with 
benzoyl chloride tert-butyl alcohol tert-butyl benzoate quinoline} 


гч vicld? 


As these examples ilustrate, esters of tertiary alcohols and phenols, «hich cannot be prepared 
by acid-catalyzed esteritivation. сай be prepared by this method, 

Sultonate esters (esters of sulfonic acids} are prepared by the analogous reactions of sul- 
tony! chlorides (the acid. chlorides of sulfonic acids) with alcohols. This reaction wits 
introduced in Sec. 10,34. 


| 
| О, 
ayridingę 
CH;CH.CH;CH; — OH = “с СС} i, YEE 
1-butanol О) 
p-toluenesultonyl 
chloride 
(tosyl chloride) 
9. 
| === 
| \ / | reacts with 
O pyridine 


butyl p-toluenesulfonate 
(butyl tosylate} 
(RBA а vield) 
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Reaction of Acid Chlorides with Carboxylate Salts Even though carboxylate salts 
are Weak nucleophiles. acid chlorides are reactive enough to react with carboxylate salts to 
eive anhydrides. 


C) b) С) C) 
| 29 ИЮ ae | 
CH,CH,—C—Cl + Nat 7O—C—CH, “Ane CH;CH.—G-—0—G-—GCH4 + Nat CIT (21.38) 
à = "m à s 
propionyl chloride sodium acetate acetic propionic anhydride 
[excess] (Ody yield! 


This is à second general method for the synthesis ol anhydrides. Although the anhydride syn- 
thesis discussed in Sec. 20.9B can only he used for the synthesis of symmetrical anhydrides, 
the reactions of acid chlorides with carboxylate salts сап be used to prepare mixed anhydrides, 
as the example in Eq. 21.38 illustrates. 


[7] Summary: Use of Acid Chlorides in Organic Synthesis Ome of the most important 
general methods for converting a carboxylic acid inte an ester. amide, or anhydride is lirst to 
PIRE ONDERNE Tut convert the carhoxylic acid into its acid chloride (Sec. 39А) and then use one of the acid 
Another Look at the " | НЯ | | | . | | : ЧАШ 
Friedel-Crafts chloride reactions discussed in this section to form the desired carboxylic acid derivative. To 
Reaction summarize: 
O OQ АНИПА amide 
| SOL or РЕ], | . лове or phenol 
R—C— OH Ze RO -Cl DO ester (21.39) 
«arhexylale : 
"и anhydride 


B. Reactions of Anhydrides with Nucleophiles 


Anhydrides react with nucleophiles in much the sume way as acid chlorides—that is. the reag- 
tton with an amine yields an amide. the reaction with an alcohol yields an ester, and so on. 


C) (7) 


| | 
CH,O А NH. + нс—с—о—Сс—Сн 


dcelic del 
acetic anhydride 
p-methoxyaniline 


С) i 
CH;O NH—C—CH; + HiC—C— OH (21401 
N-(p-methoxypheuybacetamide 
(75-795 yield? 
O 
() 
OH | ] (— -CH | 
E 1d — — 0—4 — Оз ла + |L:—€:—OF 
COH acetic anhydride COLT 
2-hydroxybenzoic acid 2-acetoxybenzoic acid (21.411 
(salicylic acid) (aspirin) 


ERI - Ч vicld | 
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Because most anhydrides are prepared from the corresponding carboxy he acids. the use of an 
anhydride to prepare an ester or amide wastes one eurvalent of the parent acid as a leasing 
group. (hor example, acetic avid is a by-product im kgs. 21.40 and 21.41.) Therefore. this re- 
action m practice ds used only with inexpensive amd readily available anhydrides. such as 
acetie anhydride, However one exception ts the formation of half-esters and hall-anides from 
evehe anhydrides: 


L) Q 
па | | 
+ CHOH ——- CH;O0—t: С — ӘН 21.421 
\ WEE. 
methanol 
succinic methyi hydrogen succinate 
anhydride Ча Уа vieldi 


Halt-aniides of dicarboxyile acids. are produced in. analogous reactions. of amines and 
eyele anhydrides. These compounds can be eyelized to imides by treatment with dehydrating 
agents such as anhydrides, or. in some cases. Just by heating. when 5- or G-membered rings are 
formed. This reaction is the nitrogen analog of eyele anhydride lormation (Sec. 20.96). 


i} 
o | CARESS decl Tuo с) 
U—NHPh anhydride, 
: radi anulum agebat . 
к + РАМИ. Тай | — | N—Ph (?] 4A 
~ 7 C— OH ~ 
aniline | 
C) >} 
(} | 
пъаіетс (9785 viel N-phenylmaleimide 
anhvdride (25 RUP S viele] 


C. Reactions of Esters with Nucleophiles 


Just as esters are much less reactive than acid chlorides toward hydrolysis, they are also much 
less reactive toward amines and alvohols, Nevertheless, reactions of esters with these nuele- 
ophiles are sometimes useful. The reaction of esters with ammonia or amines yields amides. 


i | 


| 


(бб yield! 


MERC—UH.—UC-——O0C;Hs — NH, 
> ]14! 


The reaction of esters with Ayelrexviamine (NHOH. Table 19.3) vives N-hydroxyamides: 
these compounds are known as hydroxamic acids. 


С) . 
|o | | | 
К C€—OCJH, + МӨӨН =m» R— i NHOH МОН (241.48) 


ап ester hydroxylamine ahydroxantic acid 


(Acid chlorides and anhydrides also react sith hyalroxsylamine to form hsdroxamie acids. | 
This chemistry ts the Busts of the Aevelrexonmate test, used mostly for esters. Che hydroxamie 
deu produets are easily recognized because they [orm highly colored complexes with Terrie 
lon. 
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When an ester reacts with an alcohol under acidic conditions. or with an alkoxide under 
basic conditions. a new ester 15 formed. 
O O 
3 К+ CH3(CH3),07 | m 
Ph—C—OCH, + HO(CH;);CH,; z——————*- Pph—C—O(CH;A4CH;, + CHOH (21.46) 


methyl benzoate I-butanol butyl benzoate methanol 
(excess) {72% vield) 


This reaction is an example of transesterification: the conversion of one ester into another by 
reaction with an alcohol. Transesterification typically has an equilibrium constant near unity, 
because neither ester is strongly favored at equilibrium. The reaction is driven to completion 
by the use of an excess of the displacing alcohol or by removal of a relatively volatile alcohol 
by-product as it is formed—Le Chátelier's principle in action once again. 


PROBLEMS : ; ph Ee ET 
| PROBLEMS | 21.15 Using an acid chloride synthesis as a first step, outline a conversion of hexanoic acid into 


each of the following compounds. 
(a) ethyl hexanoate (b) N-methylhexanamide 


21.16 Complete the following reactions by giving the major organic products. 


(a) SOC (CHs);NH 
CH,CH,CO,H —“==®„  . (exem) 
(b) о 
| »— ==. , d pyridine 
See ee ether 
(c) Q 


— Льа + CHiCH;8SH ——> 
(d) О О 
т ш + Nat al өң, — 
(e) 
he d (excess) + CHOH  — 
(f) 
TW + CHOH (excess) ——3 
(р) 
acid catalyst 


| 
C;H40—C—OC;H; + HO—CH;CH;— OH ——— (C;H404) 


heat 


(h) @ 


/ 
= 
о + CH;OH —» 
йш. > 
\ 


О 


1022 CHAPTER 21 • THE CHEMISTRY OF CARBOXYLIC ACID DERIVATIVES 


Г 21.17 Give the structure of the product in the reaction of each of the following esters with isotopi- 
STUDY GUIDE LINK 21.5 cally labeled sodium hydroxide, Na* ‘ОНГ. 
Esters and О О 
(RE ды РҺЄН,-©—с—сн, 
О Н 
А 


21.18 How would you synthesize each of the following compounds from an acid chloride? 
Ph 


aJ | (b) i | 
сњеново, 0 cit HC C—O 20 
(c) 553 (d) \ | 
o ICHsHC—0 —C —CH; —C —O—C(UCHaóY 


A. Reduction of Esters to Primary Alcohols 


Lithium aluminum hydride reduces all carboxylic acid derivatives. Reduction of esters with 
this reagent, like the reduction of carboxylic acids, gives primary alcohols. 


O 
| " 
2CH,CH,—CH—C—OC;H, + ШАЇН, с” EL Lm 
СН; lithium 
aluminum 
ethyl 2-methylbutanoate hydride 


ec EM + 2C,H;O1 + B. АР? salts 
CH, ethanol 


2-methyl-1-butanol (21.47) 
(9196 yield) 


Two alcohols are formed in this reaction, one derived from the acyl group of the ester (2- 
methyl-1-butanol in Eq. 21.47), and one derived from the alkoxy group (ethanol in Eq. 21.47). 
In most cases, а methyl or ethyl ester is used in this reaction, and the by-product methanol or 
ethanol is discarded; the alcohol derived from the acy! portion of the ester is typically the prod- 
uct of interest. 

As noted several times (Sec. 20,10), the active nucleophile in LiAIH, reductions is the Ay- 
dride ion (Н?) delivered from ^ AIH,, and this reduction is no exception. Hydride replaces 
alkoxide at the carbonyl group of the ester to give an aldehyde. (Write the mechanism of this 
reaction, another example of nucleophilic acyl substitution.) 


| | 
Li* ~AIH, + R—C —OC;H; — À R—C—H + Lit C;HsSO ^ + AIH; (21.482) 
an aldehyde 
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The aldehyde reacts rapidly with LiAIH, to give the alcohol after protonolysis (Sec. 19.8). 


C} OH 
| LiAII la ! Jat yt i 
E—(—H ——— = KH (21.48h1 


H 


The reduction of esters to alcohols thus involves a nucleophilic асу! substitution reaction fol- 
lowed by a carbonyl addition reaction. 

Sodium borohydride (NaBH,}. another usctul hydride reducing agent. is much less reactive 
than lithium aluminum hydride. It reduces aldehydes and ketones, bul n reacts very sluggishly 
with most esters; in fact, NaBH, can be used to reduce aldehydes and ketones selectively in 
the presence of esters. 

Acid chlorides and anhydrides also react with LiAIB, to give primary alcohols. However. 
because acid chlorides and anhydrides are usually prepared from carboxylic acids, and because 
carboxylic acids themselves can be reduced to aleohols with LIATH} (See. 20.10). the reduc- 
Gon of acid chlorides and anhydrides is seldom used. 


Reduction of Amides to Amines 


Amines are formed when amides are reduced with LiAJH,. 


() 
E) Hait 


2) 7-H] 


LiAIH, + 2Ph—C.—NH, эн —— 2Pph—CH;— NH, + Lit. АГ salts + 2H, (01.49) 


lithium 
aluminum 
hydride 


LiAlH, + 


benzamide benzylamine 


(80% yield) 


In the workup conditions. H,O* is followed by TOH. An aqueous acidic solution is often used 
to carry out the protonelysis step that follows the L1AlH, reduction (as shown in the following 
mechanism). The exeess of acid that is typically used converts the amine, which is а base, into 
Its conjugate-actd ammonium ton. Hydroxide is then required to neutralize this animmonium 
salt and thus give the neutral amine. 


+ аа 
“OH + RCILNH; я” — RCH:;:NIT. + HO (20.50) 
conpupate-base апл Ink, 19.7} 


ammonium ton 
(typical pA, = 8-11} 


Although water itself rather than acid сап be used in the protonolysis step, for practical rea- 
sons the acidic workup is more convenient, Thus, the extra neutralization step is required. 

Amide reduction can be used not only to prepare primary amines from primary amides, but 
also to prepare secondary and tertiary amines from secondary and tertiary amides, respec- 
tively. 


о : 
X | ird 
C—N(CH, —  ——À СН, МСН), + Lit, АҒ salts 


(8894 yield} (21.51) 
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The reaction af LIATH, with an amide differs [rom its reaction with an ester. in the reduc- 
поп of an ester. the carborviare oxygen is [өм ах a leaving group. TE amide reduction were 
strictly analogous to ester reduction. the nitrogen would he lost; and a primary aleotiol would 
be formed. Instead, it is the earbeimvi exygen that is lost in amide reduction. 


Ester redirection: 
the carbonyl oxygen 


is retained 
О 


: LiAl Н)? Ps a" 2s В 
R—C— ie — e Bo DbOH Bt КК 


Ande reduction: 


the carbonyl oxygen 
_is lost 


Q 
| I ru 
: | Padi, 21 70H | 

R—C— NR oe ———> RCNE: ТЕЕ" 


Lets consider the reason for this difference, using as а case study the reduction of a secondary 
amide. (The mechanisms of reduction of primary and tertiary amides are somewhat dilferent, 
but they have the same result) 

In the first step of the mechanism. the weakly acidic amide proton reacts wilh an equisalent 
ol hydride, a strong base, to give hydrogen gas. АЙН. and the lithium salt of the amide. 


Lit ee n (из qi* 
E I | 
= rH HSAH. —3À | СЛ — с. ~ AIH, - Hs. гра) 
NM NR NR 
R 


The Hthium salt of the amide. a Lewis Pase, reacts with the Eewis acid APH. 


aa uw а xE = 
Lit о AIH; Lit :0— AIH, 
. ——- C. 4 53h 
ы. i. fla 
^ NR dii 


The resulting species is an active hydride reagent. conceptually much like ЛАН and it сап 
deliver hydride to the C—N double bond. 


reactive hydride 


H | 
ү“ vd Мн 
ta \ 4 «7 | 
Pd: 
С, — = — (HH ПАКЕТ! 
PAN 
NR 
a Li NR 


The “O— AHI group is subsequently lost from the tetrahedral intermediate because it is Jess 
basie than the other possible leaving group, RN— Li. The resulting product is an mie (See. 
19.11}. 
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. ~AIH; 

О 
—C—H ж СИ - Lit HAO (21.534) 
C. | | 

NR Lit NR 


an imme 


The C— N of the imine, like the C=O of an aldehyde. undergoes nueleophitie addition 
with "H: 7 from АТН, or from one of the other hsdride-contiining species in the reaction 
mixture. Addition of асці to the reaction mixture converts the addition intermediate into an 
amine bs protonolysis and then mto its conpueale-deid ammonium ton. 


eT " жы + 
ee Lit :NR HNE H-NE 
| к, | H AT : |514 1+ | _ 
—Grz-H — Al 1 —(C—H ж —C—H —- —C—H (121530 
WIN M | | | 
HSA r HI H 


The ammonium ion ts neutralized to the free amine when "OH is added in a subsequent sten 
Еч. 21.926}. 


C. Reduction of Nitriles їо Primary Amines 


Nitriles are reduced [а primary. amines bx reaction with ЛАН, followed by the usual 


protonofs sis step. 


CIRCOS N ТЕМ ССНМ 
. 279058 [ 
B | + ПАН, жт Е ү | і Jit, АГ salts 
a "er 
lithium 
2-( L-cyclohexenylTlethanenitrile кеа 2-(1-cyclohexenyl }cthanamine (34.541 
е TAa vekl) 


As wi amide reduction, polation of the neutral amine requires addition of OH at the conclu- 
sion of the reaction. 

The mechanism of this reaction illustrates again how the СМ and C— 0 bonds react in 
similar ways. This reaction probably occurs as (wo successive micteophiie additions, 


_ "d 
R—C=N: ——- R—(C=N: ~ А, (71.45) 


ete Al, H 


Lumine salt 


In the second addition. the imine salt reacts in asimilar manner with АЙН, cor another equi - 
alent of ABT. 


і.) |j [4 
/ = a 
R —CH== №: ——- |R CH, ND я» К СН, № (21.55b) 


з. N 
H> AIL. Alti. AIH» 
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In the resulting derivative, both the N—Li and the N— Al bonds are very polar, and the 
nitrogen has a great deal of anionic character. Both bonds are susceptible to protonolysis. 
Hence, an amine, and then an ammonium ton, is formed when aqueous acid is added to the re- 
action mixture. 


Li 
5. || 0+ A or + 
RCH.—N a - RCH—NH, ——* RCH.—NH, (21.550) 
+ + Lit. AP salts {neutralization 
/ i with TOH gives 


the amine} 


Nitriles are also reduced to primary amines by catalytic hydrogenation using Raney nickel, 
а type of nickel-aluminum alloy. 


Raney Ni 
CH;(CH,),C=N + 2H; aa CH,(CH,),CH.NH (21.554) 
А. 120-130 °C E 
hexanenitrile 1-hexanamine 


An intermediate in the reaction is the imine, which is not isolated but is hydrogenated to the 
amine product. (See also Problem 21.22, p. 1028.) 


[R—CH-NH] t R—CH.—NH. (21.56) 


imine 


Hs, catalyst 


R—C=N 


The reductions discussed in this and the previous section allow the formation of the amine 
functional group from amides and nitriles, the nitrogen-containing carboxylic acid derivatives. 
Hence, any synthesis of a carboxylic acid can be used as part of an amine synthesis, but И 15 
Important to notice that the amine prepared by these methods must have the following form: 


A 


C=0 or € == М carbon af 
the carhoxylic acid derivative 


As this diagram shows, the carbon of the carbonyl group or cyano group in the carboxylic acid 
derivative ends up as a —CH,— group adjacent to the amine nitrogen. 


Study Problem 21.1 


Outline a synthesis of (cyclohexylmethyl)methylamine from cyclohexanecarboxylic acid. 


cyclohexanecarboxylic acid (cyclohexylmethyl)methylamine 


solution Any carboxylic acid derivative used to prepare the amine must contain nitrogen; the two 
such derivatives are amides and nitriles. However, the only type of amine that can be prepared di- 
rectly by nitrile reduction is a primary amine of the form —CH,NH,. Because the desired product 
is not a primary amine, the reduction of nitriles must be rejected as an approach to this target. 
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The amide that could be reduced to the desired amine is N-methylcyclohexanecarboxamide: 


| 1) ШАІН, 


C. P 2) HO* CH,—NHCH; 
ET NHCH, _3)70H m 


N-methylcyclohexanecarboxamide 
This amide can be prepared, in turn, by reaction of the appropriate amine, in this case methy- 


lamine, with an acid chloride: 


| НәМСИ+ | 


C i C 
М methylamine NE 
wi CI (excess) y NHCH; 4 H;NCH, cl- 


cyclohexanecarbony] chloride 


Finally, the acid chloride is prepared from the carboxylic acid (Sec. 20.9А). 


D. Reduction of Acid Chlorides to Aldehydes 


Acid chlorides can be reduced to aldehydes by either of two procedures. In the hrst, the acid 
chloride is hydrogenated over a catalyst that has been deactivated, or poisoned, with an amine, 
such as quinoline, that has been heated with sulfur. (Amines and sulfides are catalyst poisons.) 
This reaction is called the Rosenmund reduction. 


O ү 
СНО: _ C—Cl Pd/C CH4O C—H 
50 psi | 
+H, — >E + BCI (21.57) 
Ҹ ze b 
CHO | CH;O 
u^ WA 
OCH; quinoline OCH, 
sulfur 
3,4,5-trimethoxybenzoyl chloride 2 3,4,5-trimethoxybenzaldehyde 


(54-83% yield) 


The poisoning of the catalyst prevents further reduction of the aldehyde product. 
A second method of converting acid chlorides into aldehydes is the reaction of an acid chlo- 
ride at low temperature with a "cousin" of LiA]H,, lithium tri(zert-butoxy aluminum hydride. 


| z —78 °С 10+ 
(GLLAE—C—GO $ Lit H—AI[OC(CH4]; E^» — — жк 


2,2-dimethylpropanoy! lithium tri(fert-butoxy)aluminnm hydride 
chloride 


(CH44C—C—H + 31!OC(CH3), + LiCl + АР? salts (21.58) 


2,2-dimethylpropanal 
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The hydride reagent used in this reduction is derived hy the replacement of three hydrogens of 
lithium aluminum hydride by tert-butoxy groups. As the hydrides of LiAIH, are replaced suc- 
cessively with alkoxy groups, less reactive reagents are obtained. In fact, the preparation of 
LiAIH[OC(CH,),]; owes its success to the poor reactivity of its hydride: the reaction of 
LiAIH, with tert-butyl alcohol stops after three moles of alcohol have been consumed. 


The one remaining hydride reduces only the most reactive functional groups. Because acid chlo- 
rides are more reactive than aldehydes toward nucleophiles, the reagent reacts preferentially 
with the acid chlonde reactant rather than with the product aldehyde. In contrast, lithium alu- 
minum hydride is so reactive that it fails to discriminate to a useful degree between the aldehyde 
and acid chloride groups, and it thus reduces acid chlorides to primary alcohols. 

The reduction of acid chlorides adds another synthesis of aldehydes and ketones to those 
given in Sec. 19.4, A complete list of methods for preparing aldehydes and ketones is given in 
Appendix V. 


| | 
PROG PS 21.19 Show how Бепғоуі chloride can be converted into each of the following compounds. 


(a) benzaldehyde ib) 


21.20 Complete the following reactions hy giving the principal organic product(s). 


(à) PhCH4CSN + Н, B 
t eat 
b 
a pe ow BAS 
ЕЕН, e аа 
(excess) 
(c) n 
Nu 
Ph—CH— COCH; + LiAIH, (excess) ——» — 0 а 


21.2] Give the structures of two compounds that would give the amine 
(CH; CHCH,CH;CH, NH, after LiAIH, reduction. 


21.22 (а) In the catalytic hydrogenation of some nitriles to primary amines, secondary amines are 
obtained as by-products: 
R—CzN 0818090, RCH;NH; + (RCH;),NH 
secondary amine 


Suggest a mechanism for the formation of this by-product. (Hint: What is the intermedi- 
ate in the reduction? How can this intermediate react with an amine?) 

(b) Explain why ammonia added to the reaction mixture prevents the formation of this by- 
product. 


Relative Reactivities of Carbonyl Compounds 


Recall that the reaction of lithium aluminum hydride with a carboxylic acid (Sec. 20.10) or 
ester (Sec. 21.9A) involves an aldehyde intermediate. But the product of such a reaction is a 
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primary alcohol. not an aldehyde, because We aldehyde intermediate is more reactive thun the 
acid or ester, The instant à small amount of aldehyde is formed, itis in competition with rhe 
remaining acid or ester [or the LIATH, reagent. Because itis more reactive, the aldehyde re- 
acts Faster than the remaining ester reacts. Hence. the aklehyde cannot be Isolated under such 
circumstances. On the other hang, the {штп tritzerr-butosy aluminum hydride reduction ot 
acid chlorides ean be stopped at the aldehyde because acid chlorides are more reactive than 
dehy des; When the aldehyde ts formed as a product. it is 1n competition with the remaining 
acid chloride for the hydride reagent. Because the acid chloride is more reactive, HW 1s con- 
sumed befor the aldehyde has a chance to react. 

These examples show that the outcomes of many reactions of carboxylic acid derivatives 
are. determined: hy the refative reactivities of carbonyl. compounds toward nucleophilic 
reagents, which can he summarized as follows. t Nitriles are included as “honoran carbonyl 
compounds. } 


Relative reactivities af eurbonyt compounds: 


nitriles < amides < esters, acids << ketones < aldehydes < acid chlorides 


ШЕКТ 


The explanation of this reacts Ну order is the same one used it Sec. 2176. Relatie reactivits 
is determined by the stability of each ty pe ot carbons] compound relative to its ransition state 
for addition or substitution. The mere a cempoid is stabilized, the less reactive it is: te more 
ататеп anite for nucleophilic addition or substitution is stabilized, the more reucttve tre 
copine i (Pig. 21.6, p. 10121. For example. esters are stabilized by resonance (Fa. 21.28, 
p. HHA in a was that aldehydes and ketones are noi Henge. esters are less reactive than alde- 
Bydes. [n contrast, resonanee stabilization of acid chlorides 15 much less important, and acid 
chiorides are destabilized by the electron-attracting polar etfect of the ehtorine. Moreover. the 
transilion-stale energies for nucleophilic substitution reactions of acid chlorides are lowered 
by laxerable leaving-group properties of chlorine. For these reasons, acid chlorides are more 
reactive than aldehydes. in which these elfects of the chlorine are absent. 


REACTIONS OF CARBOXYLIC ACID DERIVATIVES 
WITH ORGANOMETALLIC REAGENTS 


A. Reaction of Esters with Grignard Reagents 


Most curboas le aend derivatives react with Grignard or organolithium reagents. One of the 
most important reaguons of this Dy pe is the reaction of esters with Grignard reagents. In this 
reaction, a tertiary alcohol is formed after protonols sis; (Secondary alcohols are formed from 
esters af formic avid: see Problem 21.243. p. 1032.) 


{7 gl | 
| — | 
VEL | 
ethyl 2-methylpropanoate — methylmagnesium CH 
iodide | 
2,3-dimethyl-2-butanel (21.61) 


fe, vied \ 
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9 OH 

NN | , ру aot N | i . - 

G— OCH; ону — > — чын + CHjOH + Li 
butyllithium (CH;CH; 


methyl 
2-methylpropenoate 3-butyl-2-methy]-1-hepten-3-ol (21.62) 


Two equivalents of organometallic reagent react per mole of ester, and a second alcohol is pro- 
duced in the reaction (ethanol and methanol in Eqs. 21.61 and 21.62, respectively). Recall from 
Sec. 21.94 that a similar situation occurs in the LiAIH, reduction of esters. This alcohol is typ- 
ically not the one of interest and is discarded as a by-product. 

Like the LiAIH, reduction of esters, this reaction is a nucleophilic acyl substitution fol- 
lowed by an addition. A ketone is formed in the substitution step. (Fill in the details of the 
mechanism.) 


Q Q 


R—C—OC,H; + Hs — Мр] — > R—C—CH, + I— Mg — OC;Hs (21.63a) 


The ketone intermediate is not isolated because ketones are more reactive than esters toward 
nucleophilic reagents (Eq. 21.60). The ketone therefore reacts with a second equivalent of the 
Grignard reagent to form a magnesium alkoxide, which, after protonolysis, gives the alcohol 
(Sec. 19,9). 


он 
sec, 19, 9 
R—C—CH, + HC—Mgl — 199. =» ССН, (21.63) 
| 
CH 


Study Problem 21.2 


From what ester and Grignard reagent could 5-methyl-3-pentanol be prepared by a single reac- 
ton, followed by protonolysis? 


Solution Rephrase the problem in terms of structures: 
о OH 
| HOt | | 
Ii —t€ —(QR7 T В? е MgBr — 0 — MÀ CHCH; ө —CH;CH, 
CH; 


What choices should be made for R', R?, and R*? There are two keys to solving this problem. 
First. the carbonyl carbon of the ester starting material becomes the a-carbon of the target alco- 
hol; therefore, В! must be attached to this carbon. Second, the two identical groups on the a-car- 
bon of the target alcohol must correspond to group R? of the Grignard reagent. 


identical groups; therefore these 
are R^ of the Grignard reagent 


/ OH 
Á | 


CH4CH,— C—CH;CH; 


R! of the ester —e- CH, 


O 
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These deductions follow from the examples in the text or from the mechanism of the reaction. 
What about the group В? in the ester? It doesn't matter, because — OR" is the leaving group that 
hecomes the by-product alcohol, which is discarded. Because methyl or ethyl esters are common, 
easily removed, and relatively inexpensive, R^ = methyl or ethyl is a good choice. Hence, the re- 
action required to prepare the desired alcohol is 


OH 

H,C—C—OCH;CH, + CH,CH,Mghr — 0 CH cH p CHR + CHCH OH 
ethyl acetate ethylmagnesium CH ethanol 

bromide Ыы (discarded) 


3-methyl-3-pentanol 


As Study Problem 21.2 demonstrates, the reaction of a Grignard reagent with an ester is an 
important way to prepare alcohols in which at least two of the groups on the a-carbon are 
identical. {А complete list of methods for preparing alcohols is found in Appendix V.) 


Reaction of Acid Chlorides with Lithium Dialkylcuprates 


Because acid chlorides are more reactive than ketones, the reaction of an acid chloride with a 
Grignard reagent can in principle give a ketone without further reaction of the ketone itself. 


| 1 
R—C—Cl + R'—MgBr —> R—C—R'+CI—Mg—Br — (21.64) 


However, Grignard reagents are so reactive that this transformation 1s difficult to achieve in 
practice without careful control of the reaction conditions; that is, it is hard to prevent the fur- 
ther reaction of the product ketone with the Grignard reagent to give an alcohol. However, 
lithium dialkyleuprate reagents (R,Cu7 Li”) can bring about this transformation. Recall from 
Sec. 11.4С that these reagents are prepared from organolithium reagents and соррег(1) chloride: 


2R—Li + CuCl —» R—Cu—R Lit + Lit СГ (21.65) 


lithium dialkylcuprate 


Lithium dialkylcuprates are less reactive than Grignard and organolithium reagents; they typi- 
cally react readily with acid chlorides, aldehydes, and epoxides, very slowly with ketones, and 
not at ali with esters. The reaction of lithium dialkylcuprates with acid chlorides gives ketones 
in excellent yield. 

О 


15min HC 


| 
CH,(CH;4C—Cl + (CH,),Cu- Lit —= ==» Se CH4(CH;4C—CH; + H,C—Cu + Lit С 


hexanoyl 


chloride 


THF 


lithium 2-heptanone 
dimethylcuprate (81% yield) (21.66) 


(reacts with H20) 


Because ketones are much less reactive thàn acid chlorides toward lithium dialkylcuprates, 
they do not react further. 

The reaction of acid chlorides with lithium dialkylcuprates is one of several excellent meth- 
ods for the preparation of ketones. Be sure to review the others in Appendix V. Both this reac- 
tion and the reaction of Grignard reagents with esters also provide additional methods for the 
formation of carbon-carhon bonds. You should also review the other reactions used for car- 
bon-carbon bond formation, found in Appendix VI. 
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EXER 21.23 Suggest a sequence af reactions for carrying out each of the following conversions. 
(a) benzoic acid to Ph,C — OH (inphenylmethanol) 


(b) butyric acid to 3-methyl-3-hexanol 
(c) isobutyronitrile to 2,3-dimethyl-2-butanol (two ways) 
(d) propionic acid lo 3-pentanone 
21.24 (a) What is the general structure of the alcohols obtained by the reaction of Grignard 
reagents of the form RMgBr with ethyl formate, followed by protonolysis? 
(b) Outline a synthesis of 3-pentanol from ethyl formate and a Grignard reagent. 
21.25 Predict the product when each of the following compounds reacts with one equivalent of 
lithium dimethylcuprate, followed by protonolysis. Explain. 
(а) O (b) О O 


| | 
N=C(CH3),,—C—C CH;(CH;),0—C(CH,}),C—Ccl 


SYNTHESIS OF CARBOXYLIC ACID DERIVATIVES 


Reactions in this and the previous chapter demonstrate that many syntheses of carboxylic acid 
derivatives begin with other carboxylic acid derivatives. Let's review the methods that have 
been covered: 

Synthesis of esters: 

acid-catalyzed esterification of carboxylic acids (Sec. 20.8A) 

alkylation of carboxylic acids or carboxylate salts (Sec. 20.8B) 

reaction of acid chlorides and anhydrides with alcohols or phenols (Sec. 21.5A) 
transesterification of other esters (Sec. 21.8C) 


Synthesis of acid chlorides: 
a reaction of carboxylic acids with SOCI, or PCI, (Sec. 20.9A) 
Synthesis of anhydrides: 
а reaction of carboxylic acids with dehydrating agents (Sec. 20.9B) 
s reaction of acid chlorides with carboxylate salts (Sec, 21.84) 
Synthesis of amides: 
a reaction of acid chlorides, anhydrides, or esters with amines (Sec. 21.8А.С) 
Synthesis of nitriles: 


The synthesis of nitriles is an important exception to the generalization that carboxylic acid 
derivatives are usually prepared from other carboxylic acid derivatives. Two syntheses of ni- 
triles are: 

= cyanohydrin formation (Sec. 19.7) 

= S42 reaction of cyanide ton with alkyl halides or sulfonate esters 


The 5,2 reaction was discussed thoroughly in Sec. 9.4, and the reaction of alkyl halides 
with cyanide ion was used as an example in Table 9.1 on p. 379. Let's now focus on that reac- 
tion as a useful organic synthesis. Recall that an S,2 reaction of cyanide топ, like all $542 reac- 
tions, requires a primary or unbranched secondary alkyl halide or sulfonate ester, as in the fol- 
lowing examples. 
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PhCH;Cl + Nat CN PhCH;CN + Nat СІ7 (21.67) 


Qc ——— J- 
EtOH/H;O 


benzyl phenylacetonitrile 
chloride (80-9096 yield} 


Н» Nat CN ———————> NC(CH;ACN + 2Nat Bro (21.68) 
Br(CH)3Br + 2Na* CN a NC(CHj,CN + 2Na* Bro (21.68) 


1,3-dibromopropane glutaronitrile 
(77-86% yield) 


Both the 5.2 reaction of cyanide and the synthesis of cyanohydrins are noteworthy because 
they provide additional ways to form carbon-carbon bonds. See how many reactions you can 
list that form carbon-carbon bonds: check yourself against the summary in Appendix VI. 

Because nitriles are prepared from compounds other than carboxylic acid derivatives, the 
preparation of a nitrile can be particularly useful as an intermediate step in the preparation of 
a carboxylic acid. Study Problem 21.3 illustrates this approach. 


Study Problem 21.3 | 
| Outline a synthesis of pentanoic acid (valeric acid) from 1-butanol. 


| 
CHjCH;CH,CH,—OH —+ CH,CH;CH,CH,—C— OH 
i-butanol pentanoic acid 
Solution A new carbon-carbon bond must be formed at some point in this synthesis. Because 


nitriles can be hydrolyzed to carboxylic acids, the immediate precursor of the carboxylic acid can 
be the corresponding nitrile. 


1 
| ot 
CH,CH,CH,CH,—C=N — 99. CH,CH,CH,CH,—C—OH 


The nitrile, in turn, can be prepared from the corresponding alkyl halide: 
CH;CH,CH;CH,;—Br —~* CH,CH,CH,CH,—C=N 

Notice the formation of the new carbon-carbon bond at this point. The alkyl halide is formed from 
the alcohol by any of the methods summarized in Sec. 10.4, such as by reaction with concentrated 
HBr: 

CH,CH,CH,CH,—OH =»  CH.CH,CH,CH,— Br 
This alkyl halide could also be converted into the target carboxylic acid by converting it into a 
Grignard reagent, and then treating the Grignard reagent with CO, (Sec. 20.6.) 


LEMS : i id f 
PROB 21.26 Outline two methods for the preparation of 5-methylhexanoic acid from 1-bromo- 
4-methylpentane. (See Sec. 20.6.) 


21.27 From what nitrile can 2-hydroxypropanoic acid (lactic acid) be prepared? How can this ni- 
trile be prepared from acetaldehyde? (Hint: See Sec. 19.7A.) 
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USE AND OCCURRENCE OF CARBOXYLIC 
ACIDS AND THEIR DERIVATIVES 


A. 


HOW —(CH+)}.—COLH 


Nylon and Polyesters 


Two of the most important polymers produced on an industrial scale are avion and polyesters. 
The chemistry of carboxylic acids and their derivatives plays an important role in the synthe- 
sis ol these polymers. 

Nylon is the general name viven to a group of polymeric amides, or pofvamides. The wo 
most widely used are nylon-6,6 and nylon-6. 


() () 
| i} | | 
NHUCLIJNHCUCHG C NECH- RE 


nylon-6,6 nylon-6 


"n 


Nearly 8 hillion pounds of nylon is produced annually worldwide. Nylon is used in tire cord. 
carpet. und apparel. 

The starting material tor the industrial synthesis of nylon-6,6 is adipic acid, In one process, 
adipic acid is converted into its diniteile and then inte [.6-hexanediamine (hexamethylenedi- 
amine }, 

Н. 


several steps laly 


м=м= Ну ee AS NAH: 


adipic acid hexamethylenediamine 


t2. 69 


The hexamethylenediaming product is mixed with more adipic acid to form a salt. Heating the 
salt forms the polymeric amide. 


| O C) 
| 
V F | HO 
—(o-—4Q qme —- (ОН + Нм ss So tl Sb 
salt acid amine nylon 


' an amide] 


The reaction of an amine with a carboxylic acid to form an amide is analogous to the reaction 
of an amine with an ester (Sec. 21.8C). However, much more vigorous conditions are required 
because the amine is basic, and thus the equilibrium on the lett of Eq. 21.70 strongly favors the 
salt. In the salt. the amine is protonated and therefore not nucleophilic. and the carhoxylate ion 
is very unreactive toward nucleophiles, (Why?) The small amount of amine and carboxy lic acid 
in equilibrium with the sal react when the salt ть heated, pulling the equilibrium to the right. 

The starting material for nyion-6 is e-caprolactam. (For the structure of ecaproiaectam and its 
polymerization to nylon-6, see Prohlem 21.30.) Both adipic acid and e-caprolactam are prepared 
from cvclohexanone (see Problem 21.59, p. 10443, which. in turn. is prepared by the oxidation 
of cyclohexane, Cyclohexane comes from petroleum. This is a classic example of the depen- 
dence of an important segment of the chemical economy on petroleum feedstocks. 

Both nylons are examples of condensation polymers. A condensation polymer is a poly- 
mer formed in a reaction that liberates a small molecule. 1n the synthesis of nylon-6.6 in Eq. 
21.70, for example. formation of each amide bond is accompanied by the Joss of the small 
molecule Н.О. Contrast this type of polymer with an odditton polymer such as polyethylene 
(Sec, 5,71. In the formation of polyethylene or other addition polymers, one molecule adds to 
the other without the loss of any molecular fragment. 
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Polyesters are condensation polymers derived from the reaction of diols and Wearboxylic 
acids; One widely used polyester, polytethvlene terephthalate), can be produced by the ester- 
ication of ethylene glycol and terephthalic acid. 


C) C) o ( 
А . \ i | ел dIo — ` | | 
HOCH CHAT + JOC © у МЫП. = y OCH CHO — <: C (21.7101 
ethylene glycol | di 
terephthalic acid poly(ethylene terephthalate) 
[a polyester} 
Certain [familiar polyester fibers and films are sold under the trade names Dacron and Mylar, 
respectively. About 12 billion pounds of polyester is produced annually in the United States, 
and 30 billion pounds worldwide. As the following synthelic scheme shows, polyester produc- 
tion also depends on raw materials derived from petroleum. 
| Е axidauon | u à: 
‘ ————— е E 
petroleum p-xylene terephthatic acid X ER 
H.C—UCH. ж HOCH CHH — 
ethylene glycol Y 
palvester 


PROBLEMS 
7 


28 Which polymer should be more resistant to strong base: nylon-6,6 or the polyester in 
Eq. 21.717 Explain. 

29 Опе interesting process for making nylon-6,6 demonstrates the potential of using biomass 
as ип industrial starting material. The raw material for this process, outlined in the follow- 
ing reaction, is the aldehyde furfural, obtained from sugars [ound in oat hulls. Suggest con- 
ditions for carrying out each of the steps in this process indicated by italicized letters. 


usus heat / \ CH=O пым if \ t i \ b 
С) cu O O 


furfural furan tetrahydrofuran 
(THF) 


Гу : E il 
CUCH,),Cl —9 МЕ ССН), СЕМ — H.N(CH),NH> . 
Na nylon-6,6 
| oe HO.CtCH,),COjH 


21.30 e-Caprolactam is polymerized to nylon-6 when it is heated with a catalytic amount of water. 


О 


Г 


гы 


МН 


HO (catalyst 


Беш пу]от-б 


є-сарго1ас1атп 


Write a mechanism for the polymerization. showing clearly the role of the water. 
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Waxes, Fats, and Phospholipids 


Waxes. fats. and phospholipids are all important naturally occurring ester derivatives of fatty 
acids, А wax is an ester of a fatty acid and a Тапу aleohol a primas alcohol with a long un- 
branched carbon chain. For example. carnauba мах, obtained From the leaves otf the Brazilian 
carnauba palm, and valued for us hard. brittle charaeteristies, consists of about 80% of esters 
derived tram С. Сш C; fatty acids and €, С and Ca aleohois. The following com- 
pound is à typical constituent of carnauba мах. 


C 
— — |a CH, 
4 constituent et carnauba wax 
A fat is an ester derived from a molecule of glycerol and three molecules of fatty acid. 
i | 


H.C—O—l1 — H;C—O- CHI), CU, 


HC—QO0-—11 | i) 
| | deris ed from stearic 
Tere н нСс—О—-Сс- (OH Ou CH, | acti. а Тапу acid 
glvcerol (3 | 


НС =0—0— СН.) „СН, : 


glyceryl tristearate 
(a Ара Eat) 


The three асу] groups in a fal ishon in black in the preceding structure) mas be the same, is 
in a giyeery] tistearate, or different. and they may contain unsaturation. which is typically in 
Ihe form of one ar more cis double bonds, Fats with no double bonds, called saturated fats, 
are typically solids; lard is a saturated fat, Pats containing double bonds, called unsaturated 
fats, are in many cases oily liquids: olive oil is an unsaturated fat. Fats; which are stored in 
highly concentrated form in the body, serve as the biological storehouse of energy reserves. 

The treatment of fats with NaOH or KOH gives glycerol and the sodium or potassium salts 
of fatty acids (soaps: Sec, 20.5). This reaction is the origin of the termi арен санан (Sec. 
24.7AM. The treatment of lard (animal tatt with the ash residue fram burning wood (potash. an 
Impure Form of potassium carbonate) had been used since antiquity lo make soap until com- 
mercial soapmaking provided bar soap and laundry detergents as mespensive articles of vom- 
merece, 

Phosphatipids, which were discussed in Sec, 8.5 A, are also esters of glveerol; (Compare 
the structure ef phosphandylethanolamine in Eq. 8.7. p. 347, with the structure of the fat glyc- 
ervi tristearale.) The only structural difference between a fat and a phospholipid is that. in a 
phospholipid. one of the glyeery! primary hydroxy groups is esterified to a polar phosphoric 
acid derivative rather than to a Fatty acid. 


H»C—O— tany acid ester НС —O— polar head group 
HC—O— fatty acid ester Ht J fatty acid ester 

| | 
H,C—O- fatty acid ester Н.С —O—fatty acid ester 


а б & phospholipid 
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This difference is responsible for the amphipathic behavior of phospholipids. Because fats 
lack polar head groups, they do not form vesicles when added to water; instead, a fat forms a 
separate, insoluble laver like any other water-insoluble compound. (If you have ever mixed 
cooking oil and water. you have observed this behavior.) 

The most important occurrence of amides in nature is in proteins, which are polymers in 
which a-amino carboxylic acid units are connected by amide linkages. Chapter 26 is devoted 
lo a discussion of amino acids and proteins. 
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Carboxylic acid derivatives are polar molecules; ex- 
cept for amides, they have low water solubilities and 
low-to-moderate boiling points. Because of their ca- 
pacity for hydrogen bonding, amides, in contrast, have 
high boiling points (many are solids) and moderate 
solubilities in water. 


The carbonyl absorptions (and the С==М absorption 
of nitriles) are the most important absorptions in the 
infrared spectra of carboxylic acid derivatives (Table 
21.3). Proton NMR spectra show typical 82-3 absorp- 
tions for the a-protons, as well as other characteristic 
absorptions: 63.5-4.5 for the O-alkyl groups of esters, 
д 2.6-3 for the N-alkyl groups of amides, and 6 7.5-8.5 
for the NH protons of amides. 


In '*C NMR spectra, the chemical shifts of carbonyl 
carbons are in the 6170 region, and those of nitrile 
carbons are in the 6115-120 range. 


Carboxylic acid derivatives, like carboxylic acids them- 
selves, are weak bases that can be protonated by 
strong acids on the carbonyl oxygen or the nitrile ni- 
trogen. 


The most characteristic reaction of carboxylic acid de- 
rivatives is nucleophilic acyl substitution. Hydrolysis 
reactions and the reactions of acid chlorides, anhy- 
drides, and esters with nucleophiles are examples of 
this type of reactivity. Nucleophilic acyl substitution 


H 
REACTION (| REVIEW 
Guide and Solutions Manual. 


typically involves addition of a nucleophile at the car- 
bonyl carbon to form a tetrahedral addition intermedi- 
ate, which then loses a leaving group to form product. 


In some reactions of carboxylic acid derivatives, nu- 
cleophilic acyl substitution is followed by addition. 
This is the case, for example, in the LiAIH, reductions 
and Grignard reactions of esters, in which the alde- 
hyde and ketone intermediates, respectively, react 
further. 


The relative reactivities of carbonyl compounds and 
nitriles with nucleophiles increase in the order nitriles 
< amides < esters << ketones < aldehydes < acid 
chlorides. The reactivity of anhydrides is considerably 
greater than that of esters but less than that of acid 
chlorides. 


Nitriles react by addition, much like aldehydes and ke- 
tones. In some reactions, the product of addition un- 
dergoes a second addition (as in reduction to primary 
amines); and in other cases it undergoes a substitu- 
tion reaction (as in hydrolysis). 


Polyesters, such as poly(ethylene terephthalate), and 
polyamides, such as nylon, are important commercial 
examples of condensation polymers that are also car- 
boxylic acid derivatives. In nature, waxes, fats, and 
phospholipids are important natural examples of 
esters, 


For a summary of reactions discussed in this chapter, see Section R, Chapter 21, in the Study 
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ADDITIONAL PROBLEMS 


21.31 


21.33 


Give the principal organic product(s) expected when 
ethyl benzoate or the other compound indicated reacts 
with each of the following reagents, 

(a) H,O, heat, acid catalyst 

(b) NaOH, H,O 

(c) aqueous NH., heat 

(d) LiATH,, then H,O 

(e) excess CH,CH,CH.MgBr, then H,O 

(Г) product of part (е) + acetyl chloride, pyridine, 0 °C 
(а) product of part (e)  benzenesulfonyl chloride 

(h) Na* CH,CH,O 


Give the principal organic product(s) expected when 
propionyl chloride reacts with each of the following 
reagents. 

(a) H,O 

(Б) ethanethiol, pyridine, 0 °C 

(c) (CH,),COH, pyridine 

(d) (CH,),CuLi, —78 °C, then H-O 

(e) H.. Pd catalyst (quinoline/S poison) 

(Т) AIC]. toluene. then Н„О 

(2) (CH,),CHMNH, (2 equiv.) 

(h) sodium benzoate 


(1) p-cresol (4-methylphenol). pyridine 


Give the structure of a compound that satisfies each of 

the following criteria. 

ia! a compound C,H.N that liberates ammonia on 
treatment with hot aqueous KOH 

ih) a compound C,H,ON that liberates ammonia on 
treatment with hot aqueous KOH 

(c) a compound that gives 1-butanol and 2-methyl-2- 
propanol on treatment with excess CH,Mel fol- 
lowed by protonolysis 
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(d) a compound that gives equal amounts of 1-hexanol 
and 2-hexanol on treatment with LiAIH, followed 
by protonolysis 

(e) a compound C,H,N, that gives CO,, "NH, and 
acetic acid after boiling in concentrated aqueous 
HCI 


Complete the diagram shown in Fig P21.34 by filling 
in all missing reagents or intermediates. 


When (&)-( — }-mandelic acid (a-hydrox y-a-pheny- 
lacetic acid) 15 treated with CH,OH and H5SO,. and 
the resulting compound is treated with excess LiAIH, 
in ether, then Н.О, a levorotatory product is obtained 
that reacts with periodic acid. Give the structure, 
name. and absolute configuration of this product. 


Contrast the results to be expected when levulinic acid 
(4-oxopentanoic acid) is treated in the following dif- 
ferent ways: (a) with excess LiAIH,, then H,O*; (b) 
with excess NaBH, in methanol, then Н.О”. 


In clinical studies of patients with atherosclerosis 

(hardening of the arteries) it was found that one of the 

metabolites of the hyperlipidemia drug (Z )-3-methyl-4- 

phenyl-3-butenamide (A, in the reaction given in 

Fig. Р21.37) 15 a compound B, which has the formula 

C, H,;NO.. When compound B is heated in aqueous 

acid, lactone C is formed along with the ammonium 

ion (*NH,). 

(a) Propose a structure for compound B, and explain 
your reasoning. 

(b) Give a curved-arrow mechanism for the conversion 
of B into C. 


benzene ———» Ei 


H;NNH; 
OHT, heat 


Figure P21.34 


NaBH, 


11 Mg, ether 
| 2) COS 
| 31 H20, Наб? 


Ph—-CH—C;H; 


COH 


21.34. A major component of olive eil is glyceryl trioieate. 


H E 
| d {7 
CH ICH }- 6 ФИ, 
H H 
Cw L) 


А 
СНуСН)- ы он а. 
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Propose а synthesis lor each of the following com- 
pounds from butyric acid and any other reagents. 
(a) 4-methy]-A-heprano! 

thy 2-methyl-2-pentanol 

(c) 4-heptanol 

íi CHCH.CELCHLCEH,CH;NH, 

(e) CH;CH,CHCH;CE.NIT. 

(D CIHCILCH;CHNH, 


21.41 GO Draw the structures of all of the products that would 
р 
H H be obtained when (7 j-a-phenylelutarie anhydride ts 
ре / Q ireated wilh (= )-l-phenvlethanel. Which products 
m x l shoukl be separable without enanomernc resolution ? 
CELGULÓT- ОРЕ а —E di Which products should be obtained in equal 
glyceryl trioleate amounts! In different amounts? 
(b) Answer Ihe same question ior the reaction of the 5 
(ag Give the structures of the products expected from enantiomer of the same alcohol with t 5)-a-phenyt- 
the saponification of elyceryl trioleate with excess wlutaric anhydride. 
aqueois NaOH. 
(b) Give the structure of the product formed м hen 21.42 ииет M detii propionic һу wapi кан 
elvcery] trioleate is subjected to catalytic hydro- gives a mixture of two esters consisting of 36% of the 
Nu" | gu her Baie Е ^ ol the tower boiling 
venation. How would the physical properties of higher ш п; A. and 64% of the lower boiling 
this product differ from those of the starting one, В. identity А and B. 
r ^" Ie '} г 
ш. 11.43. Why are carboxylate salts much less reactive than esters 
| | | | in nucleophile acy! substitution reactions? 
21.39. Propose a synthesis Tor each of the following com- 
pounds from the imdicated starting materials and any 21.44 Predict the relative reactivity of thiol esters (see Fol- 
other reagents. lowing structure} toward hydrolysis with iqueous 
(ab compound A. the active ingredient in some insect МОН: 
repellents. [rom 3-methylbenzaidehyde (1) much more reactive than acid chlorides 
(b) compound from 2-bromobenzete acid (2) fess reactive than acid chlorides, but more reactive 
T CHB than esters 
‚НВг | 
| Е CAJ less reactive than esters 
HE PAPER u Cual Explain your choice. 
[ | Мі.) CH. O 
- Br | o, 
е AR 
A Н тА Ни ester struciure 
| » 
CH: | 
| sahul; HG), acid, heat o | 
н. is pow matabudliam iC, acid, hea М *NIH, 
C iH- AH. Mo HT) NO, Ph^ 
Ph {1 Um 
( 


Figure P21.37 
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CHAPTER 21 


You ure employed hy Fibers Unlimited, a company spe- 
claliving im the manufacture of specialty polymers. The 
vice-president for research. Strong Fishlei, has asked 
you to design Тамо preparations of the following 
polymers. Vou are ө use os starting maierials the coni- 
pany s extensive stock of dicarboxylic acids containing 


SIX OF ewer carbon atoms, Avvcommuxdate hum. 


(а) O 4) 


А EG — € аита. x. 
nvlon-4,6 


A compound А his prominent infrared absorptions all 
1050. 1786. and 1832 em ' and shows a single absorp- 
поп in the proton NMR at 63.00. When heated genis 
with inethanel, compound В, CAO, is obtained. 
Compound £ has IR abserpron at 2300. 3000 throad i. 
1730. and 1701 cm ^ ', and its proton NMR spectrum in 
Р.О consists of resonances it 82.7 1comples splits) 
and 63.7 (a «ingleti in the intensity ratio 4:3. Identity 
A and й, and explain your reasoning, 


Propose a structure for a compound А thal has an i- 
frared absorption at 1820 6m 7! and a single proton 
NMR absorption at 81.5. Compound A reacts with 
water lo gie dime malonie acid and s ith methane! 
to give the monomethyl ester of the same acid. tCom- 
pound А was unknown until its preparation in. 1978 bs 
chemists at the University of California; San Diego. 


You are a chemist working for the барм Pepper Com- 
pany und fase been asked to provide some inlormanen 


about cupsetcia, the aepxe ingredient of hor peppers. 


(з 


Е Е H 


п 


S H 
Y^ ocn, 


Ol] 


CIEE 


capsaicin 


How should vapsaicin or the other руни 
indicated react under each of the folles ing conditions? 
(a) Br./CH.CI. 

(b) dilute aqueous маб 

(c) dilute igqueous TIC] 


21.49 
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(di Ha. саем 
(e! produet ol part tdi t 6 M HCI heat 
Er produet of pan tb) + CHI 


[21 product of part uli = concentrated aqueous HBr. 


Exactly 2:00 e ol an ester; conning only C. H. and 
O sas saponired with 15.00 ml. o£ a 1,00 M NaOH 
»elution. Follow img ie s«aponticatien, the soutien re- 
quired 3.30 ml, of 100 AF HCI to titrate the unused 
NaOH, Ester A. us well as its acid and агайы] sapont- 
ынап product 7 and €. respeetisels, were all opli- 
cally active; Compound A wis not oxidized bs 
K.Cr.O. ner did compound А deealotize Вг. in 
CHCI. Alcohol C wis oxidized to acetaphenone ba 
K.Cr.O. When acetophenone was reduced with 
NaBld a compound #2 was formed that reacted wath 
the avid chloride derived Iron B to give wao apically 
active compounds: А тиа to the starting ester) 
and А. Propose à structure fer each compound thot is 
asistent wilh the dai. (Note thal the abselule sierco 
chemical configuratians at chiral scubstinees cannot be 


determined [rom the datg. j 


Klu Mebingers. a graduate student in his ninth scar 

Of studs, has suggested the follis img synthetie proce- 

dures and has come lo you in the hope that you van ty- 

plain why none of them works vers well tor not at albi. 

ca Noting ihe [aet thal primary alcohols 1 HBr eise 
alkyl habiles, Klin? has proposed by analogs the 
пт synthesis shia n in parliarol big. P2130. 

rhi Кіш has proposed the synthesis forthe halt-cster 
of adipe acid shown in part rhy Fie P21.50 

iet Кн has proposed the syathesis of acetic бело 
anhydride shown in part of Fre; PIELAN. 

(dE Noting correctly that methyl benzoate is completels 
saponidied bs one molar equivalen of NaOH. Klute 
has suggested that metis b salies lite should alse un- 
dergo suponiication with one едил апе of NaOH. 
Fee stricture in part cdi of Fia. РЗ] АЙ. 

ie Khaz, tinally able te secure a position wm a phm- 
maeeulieal compxans working en f3-actam antihi- 
Wies, has proposed the reuetion given in part tel of 
Pip. PILSG For Чолпан of a cephalosporin de- 


АГАТ 


An т айу асле compound iA. СПО when dis- 
solved in NaOH solution, consumed ene equivalent of 
hasc, On астап, compound А ias slowly regen 
erated. Freament of A with ШАН, in ether falles ed 


by protonolysis save an ориси inaetis e compound В 


thal reacted with acetic anhydride to give an acetate di- 
ester derivative C. Compound B was oxidized by 
aqueous chromic acid to 8-methylglutarie acid 
(3-methylpentanedivic acid). Identify compounds A, B. 
and C. and explain your reasoning. (The absolute 
stereochemical configurations of chiral substances 


cannot be determined from the data.) 


22 Complete the reactions given in Fig. P21.52 on 
p. 1042 by giving the principal organic products. Ex- 
plain how you arrived at your answers. 


53 (a) When methanol containing an oxygen-18 isotope is 
treated with benzenesulfonyl chloride in pyridine. a 
product A 15 formed, When A is treated with 
sodium hydroxide, methanol is formed again along 
with another product 8. and the methanol contains 
попе Of the isotope (see part (Qa) of Fig P21.53 on 
p. 1042). Identify products A and В. 

(b) When methanol containing an oxygen- 18 isotope [к 
treated with acetyl chloride in pyridine, a product 
C is formed. When C is treated with sodium hy- 
droxide, methanol is formed again along with an- 
other product D. and the methanol contains aff of 
the isotope (see part (b) of Fig P21.53 on p. 1042). 
Identify products C and 2. 


ta) Ph—CFE—O0H + HCN = 


Hat) 
(Hint: HCN is a weak acid; ils рА is 9.4.) 


(b eer 


'HO,C(CH;),CO.H + CH,OH — Ct» 


(1.0 mole) (1.0 mole! 


(c1 
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(c) Explain why the fate of the "O isotope is different 
with the two acid chlorides in parts (a) and (b). 


21.54 Identify each of the following compounds from their 
spectra. 

(a) Compound A: molecular mass | 13; gives a positive 
hydroxamate test; IR 2237. 1733. 1200 стг": pro- 
ton NMR: à 1.33 (3H, t. J = 7 Hz), & 3.45 (2H, s). 
64.27 (2H. q. J = 7 Hz). 

(b) Compound В: C,H,,0,: IR: 1743 em™'; proton 
NMR spectrum shown in Fig. P21.54a on p. 1043. 

(c) Compound C: molecular mass 71; IR; 3200 
(strong. broad), 2250 em"! ; no absorptions in the 
1500-2250 cm! range: proton NMR: 6 2.62 (2H. 
LJ = 6 Hz), 63.42 (14, broad s: eliminated by 
Ю.О shake), 6 3.85 (2H. 1. J = 6 Hz). 

(d) Compound D: El mass spectrum: two molecular 
'ons of about equal intensity at arz = 180 and 182: 
IR: 1740 em7!: proton NMR: 8 1.30 (3H. 17 = 
? Heh: 8 1.80 (34. d. 7 = 7 Hz); 64.23 (2H. gq. = 
7 He): 64.37 (LA. q. J = 7 Hz). 

(e) Compound E: UV spectrum: App = 272 nm (є = 
39,500); E] mass spectrum: m/z = 129 (molecular 
ion and base peak); IR: 2200, 970 стт ': proton 
NMR: 55.85 (1H, d, J = 17 Hzk 67.35 CH, d.d 
= |? Hz) 6 74 (5H. apparent s). 

(Problem continues at top of p. 1043) 


Ph—CH.—CN + H;O 


HO.C(GCH,CO,CH, + ЊО 


+t | 
н,с—С—оОон + һ—Сс—Оон — 2 н,с—С—о—С—рһ 


(а) , () 


C— UOCE i | 


methyl salicylate 


Hart 


(e) QO 
| 
H4C—C— NH , 
Y У О 
М. z D —tu0 —GH; 
Q 
COH 


Figure P21.50 
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ET О? ibi i i 
9 Маг | | | TET е! 
HAC -С—о—с—=сп. - Ha She НС ССН. осн а CHOH ———— e 
| (solvent! 
Ph 
(c) Z NH, n (di i] 
А е CHI 
| e GES —9 NOS HN—NIH, + РВ СС (excess) ——= 
CO.H 
(e) Q (E) D 
| HOS HO A 
Рр С МНЕСН: СМ 9 e NH | Hsc 
Mem + МАН, (excess) — — ——— 
CILE, 
iz] $ 
га LOCHAMglr fexcess) — — > 
CHACH: REIT 
(h) (1 
На 


CO] € -Xall + НАМУ {large excess) —— 
{1} O 
- : | : ; ]tüo* 
ССС F ПАП, (excess) + 
(3) Q 
iat 


Ph—MgBrtlequiv.] ! CHO. CCH a 0 — 


. CTE 
iki glyceryl tristearate (structure on p. 1036) + CHO 


— — І TA чала НТН 
(D (CH,)}.CCH.CH.CO.CH, 3 


NH. 


(C,H. NO} 


Figure P21.52 


FS T 


P е sai ttl - 
CHOI + Ph—8 l ———=ъюк A — COH + В 


| priino 
D 990 СУ 


benzenesultonyl 
chloride 


thi O 


T | Sa HI i 
АНОН + HE (C — tl —————-. to ОП H 


prte li rte 


H 
D- "О acetyl chloride 


Figure P21.53 
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i£) Compound F: C,,H,,NO,.; IR: 3285. 1659, (g) Compound С: molecular mass 101; IR: 3397, 
1246 стт !; proton NMR spectrum shown in 3200, 1655, 1622 cm: "C NMR: 
Fig. P21.54b. 5 27.5, 6 38.0 (weak), 6 180.5 (weak). 


chemical shift, Hz 
2400 2100 1800 1500 ] 200 900) 600 300 Ü 


compound H 


J= 6 Hz | 


chemical shift, ppm (6) 


chemical shift, Hz 


2100 1 800 1500 1200 900 600 300 Ü 


|| | — 9,0 Hz compound F 
| = a | z 
——— | 

[| Г 

I 


chemical shift, ppm (8) 


(b) 


Figure P21.54 (a) The NMR spectrum of compound B for Problem 21.54b. The integrals are shown in red over 
their respective resonances. The resonance at about б 1.6 is coupled to both of the resonances at 5 1.0 and à 4.0; 
the coupling constants of 7.4 Hz and 6.7 Hz are sufficiently close that the n + 1 rule is followed. (b) The NMR spec- 
trum of compound F in Problem 21.54f. The integrals are shown in red over their respective resonances. 
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21.55. Outline a у пех of each of the following eom- 
pounds tram the indicated starting materials and am 
other reagents. 


i) 


Н НС, 
trom ce-bromotoluerne 
D P 
CH: 
a-methylbutyrophenone 
(hy E-cvelohexyI-2-meihiyl 2-propanal from 


breimocyclenexane 


(С) ( (1. 
= X OH 
| NH from || 
d (43.1 
| 71.56 
phihalic acid 


idi PRNBHUCH ТСН, F 


from ТОҢ CHCELO DE csovalerie acidi 


(e) 
» 


| ы Ке, 
СМЕ. — CH Gm 


FT MEL 
trom | 


c d 21.5 


un 
"s 


(1) ` r 
O CILH. 


i 


lc d 


trom cyclohexanone 


ы 
—, 
чл 
= 


{ary 
i Q O 


i—i. 


tram benzol: acid as the only carbon source 


(hi) ÜO 
а= | 
Irem 
' "d 
НЫЛ 
() (1 
| | 
HOSE  CH.CH.CH, —C—O0CH.CH, 


adipic acid monvethyl ester 
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{1} C 


CINI C 
| N 


[rom g-methoxs toluene 


C) (7 


rom phosgene 


Phey—ei OCH, (Soc, 11.161 


(К) O T 
| Ls yo—X | 
Hu x 2. си, 
К е, y, 


Irem p-hremoteliene 


Rationalize each of the reactions in Fie. P2156 with a 
mechanism. using the curved-urrow notation where 
possible, in part éd). ulenttls compound А and 

"Bo the mechanism Por is formation. (Do nol give 
the mechanism of the NaBH, Чер, 


The reaction e£ Grignard reagents with nitriles is an- 
other method of preparing ketones, The example of 
Is synthesis is shown in big. P31.57., Мегги 


compound А, and ene a mechanism for its formation, 


The sequence shown in big. P2158 illustrates а 
methuxd for the preparation of nitriles trom aldehydes. 
Identify compound А. and eine a cun ed-amow megha- 


nisam for the vom ersien of A te the products. 


e-Caprolaetami is the starting material for ns don-6 
preparation (p. 1035). e-Caprolactam can he prepared 
from cyclohexanone in a reaction sequence that 
involves the Becher rearrangement, the second of 
the two reactions shown in Fig. P2159, 

lJentify compound A, and suggest a curved-urro. 


me«chanism for s com егып 19 € vcaprolctam. 


ADDITIONAL PROBLEMS 


(a) 
| HsO* | 
Q—C-O + H;0 =———>=® HO—C—OH 


(hy НС О Ph CH; 
H но?" " Ae um — 
| О +Mg а — —- HC—CH—CH—C—CO;H 
E T CH; 
чн, (9296 yield) 
i 
TS + CH,OH + HBrig) ———- Br(CH:)}C—OC-H; 


O 


Ti O 
| | | | > & NaBH, 
S COH + Нр\ОССЕ,Һ 
_ 10 H 
Tso, 
COCH, = COCH, 


Figure P21.56 


L3 * С 
Ph—C=N + PhMgi ——» —. д ӘӘ ШР. ph—C—Ph- *NH, 


Figure P21.57 


CH=0 Н.М — 0 C=N O7 
acid NO, 
_ taalyst e | OH i j 
d CHOH 
NO, 


Figure P21.58 


O с 
— NH 
+ HiN—OH —= A ae 979 + Н.О 
е Beckmann $ 
rearrangement 
cyclohexanone €-caprolactam 


Figure P21.59 
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21.60 (a) Build a model of mesitoic acid (2,4,6-trimethylben- 21.61 In aqueous solution at pH 3, the hydrolysis of 
zoe acid). What is the most likely conformation of phthalamic acid to phthalic acid (see the reaction in 
the molecule at the bond between the carbonyl Fig. P21.61) is 10° times faster than the hydrolysis of 
group and the ring? Explain. benzamide under the same conditions. Furthermore, an 
CH isotope double-labeling experiment gives the results 
ure shown in Fig. P21.61 (* = '#О, * = '*C). Phthalic 
H anhydride (see p. 988) was postulated as an intermedi- 
Os a ae Е 
mye wily ate in this reaction, 
" (a) Using the curved-arrow notation, show how 
Ub phthalic anhydride 1s formed from the starting 
mesitoic acid materials. 
; (b) Show how the intermediacy of phthalic anhydride 
(b) Explain why the acid-catalyzed hydrolysis of the R^ P , : 
9 „омар can explain the double-labeling experiment. 
methyl ester of mesitoic acid does not occur at a : , dins A b: 
(c) Explain why this mechanism results in a large rate 
measurable rate. "m uo Ne 
: | acceleration. (Hint: See Sec. 11.7.) 
(c) Which one of the following methods should be 
used to make the methyl ester of mesitoic acid: 
acid-catalyzed esterification in methanol or esterifi- 
cation with diazomethane? Explain vour choice. 
i if | 
C— NH; C— OH C—OH 
pH 3 * 
+ HO —- + + NH, 
C— OH C— OH ы 
О () Q" 
equal amounts of each 


hthalamic acid | 
‚жасы: phthalic acid 


Figure P21.61 


1 


The Chemistry of $ 

Enolate lons, Enols, - 
and a,B-Unsaturated 
arbonyl Compounds 


Chapters 19-2] examined the chemistry of carbonyl] compounds, concentrating largely on re- 
actions at the carbonyl group. This chapter completes the survev of carbonyl compounds by 
considering reactions involving the a-carbon. As we will learn. hydrogens at the a-carbon of 
carbonyl compounds are somewhat acidic. When an a-proton is removed, a conjugate-base 
anion is formed at the a-carbon. The conjugate-base anion of a carbonyl compound formed by 
removal of an a-hydrogen is called an enolate ion. 


a- hydrogen — i1 O Q 
\e 
228 18 + Base ж” К. 


enolate ion 


—(C—E + H—Buse (22.1) 


Enolate ions are bases, and, like most bases. they can act as nucleophiles. Hence, the a-carbon 
of a carbonyl compound, as the site of a conjugate-base enolate ion, is a site of nucleophilic 
reactivity. Much of this chapter deals with aspects of this reactivity. 

The a-carbon and a-hydrogens of carbonyl compounds are also involved in the formation of 
enols, which were first introduced in Sec. 14.5А. An enol is any compound in which a hydroxy 
group is on a carbon of a carbon-carbon double bond; that is, an enol is a vinylic alcohol. 


H O OH = hyvdroxv group 
X | on a carbon of the 
(C—U—R a> — (—(C—gR C=C bond (22.2) 
ini 
enal 


As this equation shows. an enol and the corresponding carbonyl compounds are constitutional 
isomers, Most carbonyl compounds with a-hydrogens are in equilibrium with small (in many 
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cases. very small) amounts of their enol isomers. Despie their low concentration. enols are in- 
termediates in a number of important reactions of carbons] compounds. The chemistry of 
enols is another tople of this chapter. 

This chapter also covers some unique chemistry of a,f-unsaturated carbonyl 
compounds—compounds in which a carbonyl group is conjugated with a carbon-carbon 
double bond. 

O 
O - 


ШАС Н —46.— CH, H —CHS=CH—C OC. 
an a, -unsaturated ester 
a, B-unsaturated ketones 


Thus. as its title suggests, this chapter has three focal рон: the formation of enolate kins 
and their chemistry, the formation of enols and their chemistry: and the chemistry of e f-un- 
saturated carbonyl compounds, 


ACIDITY OF CARBONYL COMPOUNDS 


A. Formation of Enolate Anions 


The a-hydlrogens of mans earbony] compounds. as well as those of nitriles. are weakly acidic. 
lonization of an e-hsidroeen vives the conjugate-hase enolate iri, 


, a-hvdrogen 


H :Q: TRIS T m 

d 1 | 
BT + H.C—€—Ph == | ESES a OPA + B—EE GL 
д base confugate-base enolate jon 


Ө һуйгореп 
F рК. = 25 
Р. 


H ʻO: (ОЭ: TOL 
|o! |^ | 


RT + H.C—C—OC;H, we |I HES OCH, «COC | + B—H i24 


ая 


STUDY GUIDE LINK 22.1 


„отива ае enolate ien 


The pA, values of simple aldehydes or ketones are in the range 16-20, and the pK, values of 
esters, although not known with certainty, are probably within a few units of 25. The e-hydro- 
gens of nitriles and tertiary amides also have ucidities similar to those ot esters. 


lonization versus u | 

Nucleophilic Although carbonyl compounds are classified as weak acids. their a-hydrogens are much 
Reaction at the T Т ч ТЕТЕ dift AOR SG 
carbonyl Carbon more acidic than other ty pes of hydrogens bound to carbon. For example. the dissociation con- 


stants of carbonyl compounds are greater than those of alkanes by about thirty. powers of ten? 
To understand the greater acidity of carbons] compounds, first recall that the stabilization of a 
base lowers the рё of its conjugate acid (Fig. 3.2. p. 113. Enolate tons are resonance-stabi- 
lived. as shown in Eqs. 22.3 and 22.4. Hence. carbonyl compounds huve lower pK, values— 
than carbon acids that lack this stabilization. As discussed in Sec. А.В, res- 
onance is а symbolic was of depicting orbital overlap. 1n an enolate зоп. the anionie e-carbon 
is spr-hybridized. This hy bridization allows the unshared pair of electrons to occupy a 2p or- 
bital. which 15 aligned for overlap with the 2p orbitals of the carbonyl group. Fig. 22, ba shows 
this 2p-orbital alignment For the conjugate-base enolate топ of acetaldehyde. This overlap re- 
sults in the formation of three z molecular orbitals (Os). which are shown in Fig; 22 16, 


greater acidities 
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2p atomic orbitals 


(a) 


T molecular orbitals 


(b) 


Figure 22.1 An orbital interaction diagram for the conjugate-base enolate ion of acetaldehyde, which is shown 
in the upper left. (a) The 2p orbitals are shown aligned for overlap. The energy of the 2p orbital of oxygen (red) is 
lower than the energy of the carbon 2p orbitals. (b) The three т MOs of the ion. The presence of oxygen lowers the 
energy of zr,. (Compare with the orbital interaction diagram in Fig. 15.9, p. 703, for the allyl cation.) In the zz, MO, 
electrons are delocalized across the entire molecule, and this MO has the lowest energy. This MO is the major 
source of stabilization of the ion. 


(Compare Fig. 22.1 with Fig. 15.9, p. 703, for the allyl cation.) Because the enolate ion has four 
7 electrons, two of its MOs, т, and m, are fully occupied. In the occupied MO of lowest en- 
ergy (1), the 7 electrons extend across all three constituent atoms. This additional overlap 
provides additional bonding and hence, additional stabilization. The occupied MO of higher 
energy. (m), however, has a node that is more or less at the carbonyl carbon. The electrons in 
this molecular orbital are the ones involved in the chemical reactions of enolate ions. [n this 
molecular orbital, the a-carbon and the carbonyl oxygen are the major sites of electron density. 
This is exactly the same conclusion that we reach from the resonance structures of the enolate 
ions in Eqs, 22.3 and 22.4. These sites of negative charge are also revealed by the red regions 
in the EPM of this enolate ion: 


Lj. 
O^ 


hybrid structure 
of acetaldehyde enolate 


EPM of acetaldehyde enolate 
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H the structure of an enolate ion constrains the geometry of the component 2р orbitals so thal 
(hey cannot overlap. the enolate ton is no longer stabilized. (See guideline 4+ for writing reso- 
nance structures, p. 712 and. for an example, Problem 22.5 on p. 1054.) 

The second reason for the acidity of a-hydrogens is that the negauve charge in an enolate 
ion Is delocalized omo oxygen, an electronegative atom. Thus, the e-hydrogens of carbonyl 
compounds are much more acidic than the allylic hydrogens of alkenes, even though the co- 
jugate-base anions of both types of compounds are resonance-stabilized. 


H4C—CII—CH. H;C—CH=O 
allylic hvdri ger -hy drogen 


pK, = 42 pK, — 16.7 


A third reason for the acidity of a-hydrogens is that the polar effect of the carbons | group sta- 
bilizes enolate anions. just as tt stabilizes carboxylate anions (Sees, 3.6C and 20.44). This stabi- 
vation results from the favorable interaction of the positive end of the C—O bond dipole with 
the negative churge of the lon: 


favorable charge-dipale interaction 


wx Х/ 
(=, 
/ 


A comparison of the pK, values in Eqs, 22,3 and 224 shows that aldehydes and ketones are 
about ten million times (seven рА units) more acidic than esters. To understand this difference, 
first recall that the standard free energy of ionization AG? and the ionization constant А are re- 
lated by the equation AG? = 2.387 pK, |р. 106]. [F ie free enerey of a carbonyl compound is 
lowered relative to that of its conjugate-base enolate топ, then AG? is increased. and its pK, is 
also increased: that 1s. its acidity is reduced (Fig. 22.2). The standard free energy of the ester is 
lowered relative ta that of the ketone by the resonance interaction of the ester oxygen with the 


the ester oxygen, Which, in the absence of resonance. would increase the acidity of esters rela- 
ive to ketones. In the enolate ion. the analogous resonance structure is ach fess importanti be- 
cause of the repulsion between negative charges. 
Tepulsion between 
negative charges 


(): О: 
A » + = 
Ih <—* RO=C—CH | 


(his resonance structure 
is relatively unimportant 


Therefore, loss of most of the "ester resonance" on ionization increases AG? for the ionization 
of the ester. 

Amide N—H hydrogens are also e-hiy drozens; that is; they are attached to an atom that is 
adjacent to a carbonyl group. The N—H hydrogens are the most acidic hydrogens in primary 
and secondary anndes. 


н ADE XU 
CO E 


Вс + —C—NH, w> | С-Н e> —C—NH|-Hh—H 023 
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a ee —— AG? (ketone) 


| stabilization of 


| = 
AG; (ester) —— Ве Д0 
| d 

[һе ester relative 


О: :О: | | to the ketone 
| 


A 


4 i 
RO—C—CRH, «——- RO=C—CH, | 
tB: 


Figure 22.2 Resonance stabilization of an ester increases its standard free energy of ionization relative to that 
of a ketone and raises its pK,. (Recall that 46° = 2.3RT(pK,); Eq. 3.29, p. 106.) The free energies of the conjugate- 
base enolate ions have been placed at the same level for comparison purposes, and the resonance structures of 
the enolate ions (Eqs. 22.3 and 22.4) are not shown. 


similarly. carboxylic acid OH hydrogens (pK, == 4—5) are also a-hydrogens. We can think of 
amide conjugate-base anions as "nitrogen analogs" of enolate ions and carboxylate anions as 
“oxygen analogs" of enolate anions. Notice that the acidity order carboxylic acids > amides 
> (aldehvdes, ketones) corresponds to the relative electronegativities of the atoms to which 
the acidic hydrogens are bound—oxygen, nitrogen, and carbon, respectively (element effect: 
Sec. 3.6A). 


PROBLEMS | 
| PROBLEMS 22.1 Explain why (a) diethyl malonate (pK, = 12.9) and (b) ethyl acetoacetate (ethyl 3-oxobu- 


В. 


tanoate, pK, = 10.7) аге much more acidic than ordinary esters. (To answer this question, 
you must first identify the acidic hydrogen in each of these compounds.) 


22.2 Which is more acidic: the diamide of succinic acid or the imide succinimide (p. 990)? Why? 


Introduction to Reactions of Enolate ions 


The acidities of aldehydes. ketones, and esters are particularly important because enolate ions 
are key reactive intermediates in many important reactions of carbonyl compounds. Let's con- 
sider the types of reactivity we can expect to observe with enolate ions. 

First, enolate ions are Bronsted bases, and they react with Brensted acids. (The reaction of 
an enolate ion with an acid is the reverse of Eq. 22.3 or 22.4.) The formation of enolate ions 
and their reactions with Brensted acids have two simple but important consequences, First, the 
a-hydrogens of an aldehyde or ketone—and no others—can be exchanged for deuterium by 
treating the carbonyl compound with a base in Ю.О. 

О O 
| [> D 
| ^O/diaxane 
H (CaHs)3N: [а base} E E 
"n — 


э? 
heat, 48h меп) 
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PROBLEMS | NUN E | 0. mE | | 
= 22.3 Write a mechanism involving an enojate ion intermediate for the reaction shown in Eq. 72.6. 
Explain why only the a-hydrogens are replaced by deuterium. 


22.4 Explain how the protan NMR spectrum of 2-butanone would change if the compound were 
treated with D,O and a base. 


The second consequence of enolate-ion formation and protonation is that if an optically ac- 
tive aldehyde or ketone owes its chirality solely to an asymmetric a-carbon, and if this carbon 
bears a hydrogen. the compound will be racemized by base, 


Ph Ph 
| | 
“С РЬ | _ "s Ph Ph "ma 
ш 7 HAT EE 3 DA. 3 ar | T i = Е ^ ` 
Н “с Насл CH d UH H / “ee И “ы, Ка X лу 
Phe Н. | La dew minnes: PhCH, | | CHPh 
Oo Q » 


—— aa 


optically active 
racemate 

The reason racemization occurs is that the enolate тор. which forms in base. is achirat because 
of the sj hybridization at its anionic carbon (Fig. 22.1). That is, the ionic a-carbon and its al- 
tached groups he in one plane. The anion can be reprotonated at either face to gie either cnan- 
потег with equal probability. Although not very much enolate ion is present at any one lime. 
the reactions involved in the ionization equilibrium are relatively fast, and racemization occurs 
relatively quickly if the carbons | compound is left in contact with hase. 


Ho 3 > . 
MEME NEL Ss US 
B: + po С К ‚к —— 240 o "P EL т BH 
4 R IM R R 
| hiral k enolate ion: achiral 
à chiral Retone 
га) 
»- 
B--H 
r \ LI 
Кып „шет m 
EY]. CR ni 
B—-H RE n 
"AN 


a-Hydrogen exchange and raceinization reaclions of aldehydes and ketones occur much 
more readily than those of esters. The reason is that aldehydes and ketones are more acidic 
than esters and therefore form enolate tons more rapidly and under milder conditions. 

Enolate ions are not only Bronsted bases but Lewis bases as well. Hence, enolate ions react 
as nucleophiles. Like other nucleophiles, enolate ions react at the carbons of carbonyl groups: 


O Os" 


ER u——ÀM = (Se —* further reactions. — (22.8, 


carbonyl 
Ci ITI а rnd 


enolate ion 
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This type of process is the first step in a variety of carbony! addition reactions and nucleophilic 
асу substitution reactions involving enolate ions as nucleophiles. Much of this chapter will he 
devoted to a study of such reactions. 


Enolate ions, like other nucleophiles, also react with alkyl halides and sulfonate esters: 
© „кй — eR cA (22.10) 


enalate ion 


This type of reaction, too, is an important part of the cheinistry discussed in this chapter. 


PROBLEMS 22.5 Explain why the following compound does лот undergo base-catalyzed exchange in D,O 
even though it has an e-hydrogen. (Hint: see Secs. 7.6C and 15.6B.) 


does not 
exchange 


— H 


22.6 Indicate which hydrogen(s) in each of the following molecules (if any) would be exchanged 
for deuterium following base treatment in D,O. 
(a) OH (6) o (c) 


(CH;),C—C—CH, 


Carbonyl compounds with a-hydrogens are in equilibrium with small amounts of their enol 
isomers, The equilibrium constants shown in the following equations are typical. 


О OH 
Ka = 5.9 x 107 
НАС —С Н хааа pbC-—UC—H (22.11) 
acetaldehyde acetaldehyde enol 
(vinyl alcohol) 
@ H OH 
| "t. H 
Ho „= AER. (22.12) 
cyclohexanone cyclohexanone enol 


Linsyimmetrical ketones are in equilibrium with more than one enol. (See Problem 22.8.) 
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Esters contain even smaller amounts of enol isomers than aldehydes or ketones. 


i OH 
sc MEUS _ | 
HES CS OC. Hi, LX OH CSC OCH: QI 
ethyl acetate enol of ethyl acetate 


You may hear the word ийинен used to deseribe the relationship between enels and. their 
corresponding carbonyl compounds. The wrm tautomers means “constitutional tomers that 
undergo such rapid interconversion that they cannot be independenti isolated; Indeed. under most 
common eircumstanees, earbony] compounds and their corresponding enols are in rapid equilibrium. 
However, chemists naw knew that the intercom ersion. of enois and their verresponding carbonyl 
compounds is vatals zed hy acids and bases isee follow ing discussion} This reaction сай be very slow 
in dilute solution in the absence of acil or base catalysts. and indeed. enols have actually been tso- 
fated under vers carefully controlled conditions. Hence, the term tautomers is nob very accurate and 
iS of such limited utility that it is falling into disuse. 


As the equilibrium constants in Egs. 22.11-22.13 suggest, most carbonyl compounds are 
considerably more stable than their corresponding enols. Furthermore. these equations Hus- 
trate the Fact that enolizutions of esters and carboxylic acids are even less favorable than eno- 
Itvations of most aldehydes and ketones. The major reason for the instability of enols ts that the 
C==0 double bond of a carbonyl group is a stronger bond than the C=C double bond of an 
enol, With esters and acids. the additional instability of enols results from loss of the stabiliz- 
ing resonance interaction between the carboxylate oxygen and the carbonyl я electrons that is 
present in the carbonyl forms. (Sce Eq. 21,28. p. 1014. 

Some епох. though, are more stable than their corresponding carbonyi compounds. Notice 
that phenol is conceptually ап enol—a “vinyhe alcohol.” However, it is more stable than its 
keto isomers because phenol is aromatic. 


С) F OH {5 
Н Kay ME 4 ^ " — y ^^ 
i y 
Le T uo “куш =, 
phenol H HI 


{а stable "enel! 


unstahle keto isomers of phenol 


The спок of B-diegrhonyi compounds. are also relatively stable. (f-Dicarbony! 
compounds have two carbonyl groups separaled by one carbon.) 


oM. 
M (О): КС} Si: 
| н | | | 
C: ÉL =* Ө C (22. [1 
HIC CC СҮН, Н.С (07 SCH, 
| 
H H 


enl term 


2,4-pentanedione КАШ in hexane solution 


(acetylacctone} 
га 8-dicarbonvl compourdi 
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There are two reasons for the stability of these enols. First, they are conjugated, whereas their 
parent carbonyl compounds are not. The resonance stabilization ( 7-electron overlap) associ- 
ated with conjugation provides additional bonding that stabilizes the enol. 


H H `9 
к: 05 go sym С) Наш 
p rod [|] 
x I — —— —i- ? uii — — —  dHe- i; 
Hac “eS t HU Ч COH. T erai Ed ^H 
| 
Н Н Н 
(22.16) 


The second stabilizing effect is the intramolecular hydrogen bond present in each of these 
enols. This provides another source of increased bonding and hence, increased stabilization. 


an intramolecular 
hydrogen bond —_ 


eens 22.7 Draw all enol isomers of the following compounds. If there are none, explain why, 
(а) 2-methyleyclohexanone (6) 2-methylpentanoic acid 


(c) benzaldehyde (d) N,N-dimethylacetamide 
22.8 Draw all of the enol forms of 2-hutanone. Which is the least stable? Explain why. 
(Hint: Apply what you know about alkene stability.) 


232.9 Draw the “enol” isomers of the following compounds. (The "eno!" of a nitro compound is 
called an aci-nitro compound, and the “enol” of an amide is called an imidic acid.) 


O:- benzamide. 
nitromethane 


22,10 (a) Explain why 2,4-pentanedione (Eq. 22.15) contains much less епо] form in water (15%) 
than it does in hexane (92%). 

(b)Explain why the same compound has a strong UV absorption in hexane solvent 

(Amax = 272 nm, є = 12,000), but a weaker absorption in water (À,,, = 274 nm, 


є = 2050). 
The formation of enols and the reverse reaction, conversion of enols into carbonyl com- 
-— pounds, are catalvzed by both acids and bases. Although enols have been isolated and ob- 
Si crc кы served under carefully controlled conditions, their rapid conversion into carbonyl compounds 
Thermodynamic under most ordinary circumstances accounts for the fact that enols are difficult to isolate as 


Stability of Enols pure compounds. 
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The conversion of a carbons | compound into its enol is called enolization, Bose-cutafvzed 
enedtzation mnyolves the intermediaesy of an енене ion. and is thus a consequence of the aeri- 
ity of the e-hydrogen. 


поа “ы of 
{) С.) |] 
mE аат PEE zi 
HO: H^ ^H Н H^ т 
i ` o" 
H :O Ter E 0 
| у | | | 
c -——t —£(i——(C— e  —(-— = = о 
| 
| | f 
aldehyde or enolate өп enal 
ketone eoniugate base ol both the 


carbonyl compound and the enol: 


Protonation of the enolate anion by water on the a-carbon gives back the carbons | compound: 
protonation on oxygen gives the enol, Notice that rre enolate fen Ps the vonugeate hase of Рот 
the carbonyl compound and the enol. 

Acfd-cutulvzed enolizatin involves the conjugate acid of the carbons] compound. Recall 
that this ton is aso a carbocation (See. 19.61. Loss of the proton From oxygen gres back the 
starting carbons compound: loss of the proton from the c-carbon gives the enol. Ал enof aud 
Hs carbo! тоте fave the мине сопре acid. 


Н H i | H 
T E mi ind 
H— 0 1—4) H—O к=! 
V - { S 
+/ $ d i 
H ux H 0s H :Q . 
| | | E | 
—(Q -C— um—- |—(Q—(- -——»- -(-—(6—| z—X —tU-—u— 2117 
+ 
| | | | 
aldehyde or ! vonpigate aod of спо] 
ketone both the carbonyl] compound and the enoli 


Exchange of e-hydrogens for deuterium as well as racemiation at the a-carbon are cat- 
als zed not only by bases (Sec. 22.0 B) but also by acids. 


O 
H H 
li i1 nu } 
ВЕЦЕР RASET 
ERS 
fi Ph fi 
| 
"s Ph d Ph Ph i 
1 - Ve В " - 
i J wee Lu I i T (UU X i (2.094 
(CHa CHCH: | (CH CHCHs. | | CHACHICH h 
(i C) (1 


optically active Е 
racemate 

Both ácid-eatalvzed processes can be explained bs the intermediaes of enois, As you can see 

by following Eq. 22.17b in the reverse direction, formation of i carbonyl compound from an 
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enol introduces hydroven from solvent at the e-carbon: (his fact accounts for the observed 
Isotope exehange. This carbon of an enol. like that of an enolate топ, is not asymmetrie, The 
absence of chirality ut the enel accounts for the racemization observed in acid. 


= 


PROBLEM Ь ae -— = : 
| PROBLEM | 22.11 Give a curved-arrow mechanism for (a) the racemization shown in Eq. 22.19: (b) the deu- 
terium exchange shown in Ey. 22.18. 


a-HALOGENATION OF CARBONYL COMPOUNDS 


A. Acid-Catalyzed a-Halogenation 


This secun begins a survey ol reactions that involve enols and enolate tons as reactive 
intermediates; Halogenation of an aldehyde or ketone ii ecidée solution usually results in the 


replacement ot one ash dropgen by halogen. 


{7 () 
P “Сы. | 
/ | | 15 4 | т a | 
Br; + Вг, r C —CIE: BE Br 4 С—С. Е - HBr 00000 
uu ; | : ^ ry 
p-bromoacetophenone L-(4-bromopheny!}-2-bromoethanone 


BHT in viel f 


CI 


— — 


РА + ra 
х . IES | 
( Ur Cl. — y=o + EIN (23213 
wo F CNN 
cyclohexanone 2-chlorocyclohexanone 
I] bhi vield 
{лиң are reactive mniermediates 1n tese reactions. 
C) Hi) 
|] ТЕШ E. 
=== «= C=C (22220 
| / p 
aldehi de or enel 
kelor 


Like other “alkenes,” enols react with hBalogens; bur unlike ordinary alkenes. enols add опу one 
halogen alain, After addition of the first halogen to the double bond. the resulting carbocation 
intermediate loses а proton instead of adding the second halogen. (Addition of the second halo- 
gen would form a tetrahedral addition intermediate whieh. m this case. is relatively unstable.) 


OH | ics и *(——]H i i> 
|, - | | l| . 
- {=i т | 1 | — opo e 
CN y | | | 
oy i ‘Br Ri 


‘Br — Br: А озы 
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Acid-catalyzed halogenation provides a particularly instructive case study that shows the 
importance of the rate law in determining the mechanism of a reaction. Under the usual reac- 
tion conditions, the rate law for acid-catalyzed halogenation is 


rate = K[ketone]( H,O*] (22.23) 


This rate law implies that, even though the reaction 15 a halogenation, the rate is independent of 
the halogen concentration. Thus, halogens cannot be involved in the transition state for the 
rate-limiting step of the reaction (Sec. 9.3B). From this observation and others, it was deduced 
that enol formation (Eq. 22.22a) is the rate-limiting process in the acid-catalyzed halogenation 
of aldehydes and ketones. Because the halogen is not involved in enal formation, it does not ap- 
pear in the rate law at the concentrations of halogen ordinarily used. 


О ОН С) 
| | H;O* | А Br; | | 
—C—CH м” — C=C —C—C—Br + HBr 22.24) 


[fast] 


rate-limiting 
process 


Enol formation is described in this equation as the rate-limiting process. This process consists of two 
elementary steps, as shown in Eq. 22.17b. The rate-limiting step of acid-catalyzed enolization 15 the 
second step, removal of the a-proton. The same step, therefore, is also the rate-limiting step of a- 
halogenation. 


Because only one halogen is introduced at a given a-carbon in acidic solution, it follows 
that introduction of a second halogen is much slower than introduction of the first. The slower 
halogenation is probably a consequence of the stability of the carbocation intermediate that is 
formed by reaction of the halogen with the halogenated enol. This carbocation is destabilized 
by the electron-attracting polar effect of two halogens: 


Br br: 


HO HO Br 
i 2o] 
C= C—C—Br :Вг:- (22.25) 
/ * 
Br 


carbocation intermediate 
is destahilized by the polar effect 
of two bromines 


halogenated enol 


If the rate-limiting transition state resembles this carbocation, then the transition state should 
have very high energy and the rate should be small. 


PROBLEMS | ; : З | 
; 22.12 (а) Sketch a reaction-free energy diagram for acid-catalyzed enol formation using the mech- 


anism in Eq. 22.17b as your guide. Assume that the second step, proton removal from the 
a-carbon, 15 rate-limiting. 

(b) Incorporating the resuits of part (a), sketch a reaction-free energy diagram for the acid- 
catalyzed halogenation of an aldehyde or ketone. 


22.13 Explain why: 
(a)the rate of iodination of optically active 1-phenyl-2-methyl-l-butanone in acetic 
acid/HNO, is identical to its rate of racemization under the same conditions. 
(b) the rates of bromination and iodination of acetophenone are identical at a given acid con- 
centration. 


22.3 a-HALOGENATION OF CARBONYL COMPOUNDS 1059 


B. Halogenation of Aldehydes and Ketones in Base: 
The Haloform Reaction 


Halogenation of aldehydes and ketones with e-hydrogens also occurs im base. [n this reaction. 
all a-hydrogens are substituted by halogen. 
a-hydrogens 
. | o 


| ыз, 0 ct 


NaOH + (CH: 0. — СН; + 3Bt5 (CHinC—C—CDBr, + 3Na*Dr ЗН (22262: 


Jia Pdo 
по -hydrogens 


When the aldehyde or ketone starting material is either acetaldehyde or à methyl ketone cas in 
Ky. 22.260). the product of halogenation fs a trihalo varbony] compound, which is not stable 
under the reaction conditions, This compound reacts further to give. after acidification of the re- 
action mixture. a carboxylic acid and a halotform. (Recall from Sec. 8.1 À that a Боол а 
uihalomethane—that is. à compound of the form HCX, where X = halogen.) 


QO (2 


\ s А 
x Е : 1] Т8. Жо a a 
(CHiC—G—CBr, =e Ss осн. See + er, 220 


(71-744 уте) 
bromoform 

The conversion of acetaldehyde or a methyl ketone into а сагроха lic acid and a halotorm by 
halogen in base. followed by acidification. as exemplified by Eq. 22.26a—-b, is called the halo- 
form reaction. Notice that. im a haloeferm reaction. a carbon-carbon bond is broken. 

The mechanism of the haloeform reaction involves the formation of an enolate fen as a re- 
active intermediate, 

() C) 


R—C—CH, + OH^. жЕ R—C—UCH, ШО 22274) 


enolate im 
The enolate ion reacts as a nucleophile with halogen to give an e-halo carbony! compound. 


О О 
R—C—CH, + :Br--Br: —— Ң—С—Сн.йт: + Bri” 22.27hi 


However, halogenation does not stop here, because the enolate ton of the a-halo ketone is 
formed even more rapidly than the enolate зоп of the starting ketone. The reason is that the 
polar effect of the halogen stabilizes the enolate топ and. by Hammond's postulate, the transi- 
tion state for enolate-ion formation. Consequently, à second bromination oceurs, 


о H O H | 


| | | 
Br—1 3 . 
nu rdi Шогы сы —— "» R—C-—CHlr - Br. 2127) 


] ] „а 
= + HX 
=:0H 
The dihalo carbonyl compound brominates again even more rapidly. (hy? 
С) (7 
| | 
E Bro , ; 
R—C—UHBr, —— R -C—CHBr, + Bro + ILO (22.27 


OT 
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tae 
S| 


R—C—CBr, 


N=:0H 


A carbon-carbon bond is broken when the Uihale carbon compound undergoes à smele- 
ophilie асу! substitition reactian. 


ous Ot X 
a = 


<= R—C-CBn ж” RCH + Ойу — R -C—O = H--CBn 


a trihatomet hv 
(OH anien RARI 


The leaving group in this reaction is a trihalomethyI anion. хли. earbantons are too basic 
lo serve as leaving groups: bul trihadomethy| anions are much less basic than ordinary carbun- 
ions. (Why 7) However, the basicily of trribalomethiy] anions. although low enough for them to 
act as leaving groups. 1s high enough for them to react irresersibls with the carhoxs die acid bs - 


haloform reaction to completion, (This situation is analogous to saponification, whieh is also 
driven to completion by ionization of the carbox vite acid product: See. 217A.) The eurboxy]iec 


Occasionally, the halotorm reaction ean be used to prepare carboxylie aculs tram геа 
available methyl ketones. This reaction ean also be used as a qualitative test for meth» | 
ketones, called the iodoform test. In the iodoform test; à compound of unknown structure ts 
mixed with alkaline |. А yellow precipitate of todotorm (HCL) 1s laken as evidence for à 
methyl ketone tor acetaldehyde. the “methyl aldehyde") The iodoform test ts specific. for 
methyl ketones because only by replacement of Hoge hydrogens with halogen does the carbon 
become a good enough leas ing group For the nucleophilic aes I substitution reaction shown in 


oxidized to methyl ketones tor to acetaldehyde. in the case of ethanol? by the basie todine so 
tution, 


Ob i 


| Е | use | : ул уу 
R— СНС в к—{ СН, А 
undergoes the 
lerdal reaction 


PROBLEMS А wie . - | 
22.14 Give the products expected (if any? when each of the following compounds reacts with Br, 


in NaOH. 
(a) Эм. „©н, (b Q (c) OH 


) 
| | 
csl «d Bd Ph—CH— CH; 


22.15 Give the structure of a compound С„Н „О, that gives succinic acid and indotorm on treat- 
ment with a solution of L in aqueous NaOH, followed by acidification. 


C. a-Bromination of Carboxylic Acids 


Carboxvlic acids сап be brominated ac their ce-vcarbons. A bronine is substituted for an c- 
hydrogen when a carboxylic acid is treated with Вг. and a сааи amount of red phosphorus 
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or PBr; (The actual catalyst is PBr;; piosphorus сал be uscd because it reacts wilh Br, to give 
РВг..} 


fan Вт; ` р | š А i 
CH CELCHLCTL@EBCO.H -gH — c — CHICILCHBCESCHCOJYI! = Mile 2220) 


hexanoic acid Bi 


2-bromohexanoic acid 
(SA 89%. yield] 


This reaction, called the Hell-Volhard-Zelinsky reaction after its discoverers, Is sometimes 
nicknamed the HVZ reaction. 

The dirt stage in Ihe mechanism of the HYZ reaction Is the comersion of a small amount 
ot the carboxylic acid into the acid bromide hy the catalyst PBr, (See. ILYA). 


C) i) 
|| | | 
3—UH-——C€—O0OH + РГ, ж 3—CH—U--Br + POH), (22.301 
carbesvlic acid an acid 
with o hydrogens bromide 


From this point, the mechanism closely resembles that tor the acid-catalyzed bromination af 
Ketones (Eus, 22.22a and 22.226). The енә of the acid bromide is the species that actualls 


bromitales. 
i) ЈЕ! () 
| 
| \ — l : UE RR | | 
—tb}—ti— Вг = OS Br —— iieii hr + HEr 220b 
acad bromide cnul farm | 


Br 


ec bromo А 
bromide 


When a уна amount of PBr; catalyst is used, the e-bromo acid bromide reacts with the gar- 
boxyhe sekd to form more acid bromide. which is then brominated as shown in Eq. 22.30b. 


{} 4 (? () 
| | | | | | dl 
—6CH—t— OH + —0—UC— Br == —UÜUH —-C—Br-:- C—U€—0OH сл 
| enlers the hromination | 
Br sequence al Fay. 22.306 Br 


cereo acid 


Thus. when a catalytic amount of PBr, is used, the reaction product ts the a-bremo acid. 

[f one full equis alent of PBr, is used, the e-bromo acid bromide is the reaction produet: this 
can be used in many of the reactions of acid halides discussed in Sec, 2) 8A. bor eximptle, the 
reaction mixture сап be treated with an alcohol to give an e-bromo ester: 


CHa h COH 
EN ) 
C) Hc EL AN — Fh | 


| Pail equi. КЕКЕЧ 


| + _ 
“Н.Н Ч ————— CRLCH Вт —— —- CH, ,CHU—OC(CH,), + (СНИ Br 


propanoic acid Br iar Ph 


(1 
| 


terI-butyl 2-bromopropanoate 
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D. Reactions of a-Halo Carbony! Compounds 


Most a-halo carbonyl compounds are very reactive in 5. 2 reactions and can be used to pre- 
pare other e-substituted carbony! compounds. 


С) CHI, \ 
l | , 
H.C—5—ClHl;—C—Ph Bri — 02233 
+ 
[A5 yield) 


(СН): TANT ч 
b HL NE 


acetane/ Hi 


In the case of a-hulo ketones, nucleophiles used in these reactions must not be too basic. For 
example. dimethyl sulfide, used in Ey. 22.33, is a very weak base but à fairly good 
nucleophile. (Stronger buses promote enolate-10n formation: and the enolate ions of e-halo 
ketones undergo other reactions.) More basic nucleophiles can be used with a-halo acids be- 
cause, under basie conditions. a-halo acids are ionized to form their carboxylate conjugale- 
base anions; a second ionization to give an enolate qon, which would introduce a second neg- 
ative charge into the molecule, does not occur. 


c ШКУ c 
| d I2 equa EM 
fy M. ‘4 N 
E // NN M : A : NAY і ff WA : x ae 
CI— QUE + Cl—CH.—CO.11 —— р ИСН. COMA + ‹Л газ з) 
“> chloroacetic acid r 
2,4-dichlorophenol 2,4-dichlorophenoxyacetic acid 
Gianived by Na T (2.4-D, a selective herbicides 


87954 vield) 


| . 2 * : 
RSG + C]I—CH.— COS ——9 — y МаН. СОН + CI 0238 


chlIoroacetate cyanoacetic acid 
anion (e BUS wield 
The following comparison gives a quantitative measure of the 5.2 reactivity of a-halo cur- 
Бөйү compounds: 


с) с) 
relative rate: 
Cl НЕСЕ KI DE l= As ЕС 35.000 Л Аб) 
CI—CH.CH.CH, t KI I—CHACH CH, + KC] | (27 36h) 


aT ET! 


The explanation tor the enhanced reactivity ts probably similar to thai for the increased reac- 
уну ol allvlie alkyl halides in S42 displacements (Fig. 17.2, p. 803), 

In contrast, a-halo carbons] compounds react so slowly by the S.I mechanism that this re- 
action is not useful. 


[^q ШАШ 
CTY нъ + E 
н.с СН, к las SE CH sie am 
| E 
e HC 


[n fact. reactions that regitire the formation of carbocations alpha to carbonyl groups yener- 
aliy do net occur. Although it might seem that an a-carbonvl] carbocation should be reso- 
nance-tabilized, its resonance structure 15 not important. (Why?) 
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HC ©: н.с О: 


\ Г] N 
F 1 gii, <-> C—C—CH; (22.38) 


HC H;C 


not an important structure 


In addition, the carbocation is destabilized by its unfavorable electrostatic interaction with the 
bond dipole of the carbonyl group—that is, with the partial positive charge on the carbonyl 
carbon atom. 


©: 

| 
PEN 

(CHiSC 7 Жерг, 


| 
urs 


^ 
Мечка 
electrostatic interactiom 


ROSE | 22.16 What product is formed when 


(a) phenylacetic acid is treated first with Br, and one equivalent of PBr,, then with a large 
excess of ethanol? 
(b) propionic acid is treated first with Br, and one equivalent of PBr,, then with a large ex- 
cess of ammonia? 
22.17 Give the pus of the product expected in each of the following reactions. 
1a) 


— ка + * > 


I-bromo-2-butanone 
— 
(b) ү | А 
BrCHC—Ph + СНС —07- Nat — 
a-bromoacetophenone sodium acetate 


22.18 Give a curved-arrow mechanism for the reaction in Eq. 22.34, Your mechanism should show 
why rwo equivalents of NaOH must be used. 


ALDOL ADDITION AND ALDOL CONDENSATION 


A. Base-Catalyzed Aldol Reactions 


In aqueous base, acetaldehyde undergoes a reaction called the aidol addition. 


O OH 
| Маон 
2H4,C— CH “ho EC —-CLI—CGBbb-—0CH (22.39) 
acetaldehyde 3-hydroxybutanal 
(aldol) 


(50% yield) 
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The term aldol is both a traditional name for 3-hydroxybutanal and а generic name for B- 
hydroxy aldehydes. An aldol addition is à reaction of two aldehyde molecules lo form a 
B-hydroxy aldehyde. The aldol addition is a very Important und general reaction of aldehydes 
and ketones that have a-hydrogens. Notice that this reaction provides another method of form- 
Ing carbon-carbon bonds, 

The buse-catulyzed aldol addition involves an enolate fei? as an intermediate. [n this reag- 
tion, an enolate ion, formed by the reaction of acetaldehyde with aqueous NaOH. adds to a 
second molecule of acetaldehyde. 


(1 (? 
оол | . . 

HO:  H—CH.—CH wz H.C—CGCH + H.O (22,4081 

enulale 10n 

T ъам” О T Tea "T 
0 Ter Tel Су: a ОЮН Ter 
A жм |. | L wu 7 Bo - 

11.47. — CH РА ЕС C.M =” Н.С CH,—GH а и Н.С — СИЕ CH +- ОП 
enolate 10n (2240h) 


The aldol addition is another nucleophilic addition to a carbonyl group. In this reaction, the 
nucleophile is an enolate ion. The reaction may feed more complicated than some additions be- 
gause of the number of eurbon atoms in the product. However. itis not conceptually different 
from other nucleophilic additions, sugh as ceyanobs drin formation, 


Aldol addition: 


Cyanohlivdrin formaron: 


nucleophile -ICN H;C— C] I=): 
i x "dc \ 3 ^ 
aldehyde Н. CHS LEC — CHS о: 
CN H;C—CH=0: 
| m T 
protenation П агаи бее [= 
| T P" l eu 
B CN H;C—CH-—O!: 
addition , | x ч 
product H.C HC ОН + CN H: G= CHOR + OH (22.461 


PROBLEM 
22.19 Use the reaction mechanism to deduce the product of the aldol addition reaction of 


(a) phenylacetaldehyde: (b) propionaldehyde. 


The aldol addition is reversible. like many other carbonyl addition reactions (Sec. 19.78), 
the equilibrium for the aldol addition is more favorable for aldehydes than for ketones. 


Q 
| 


He i, 


acetone 
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Ot О 
а. MEE | | 
a > [4% xx ерү, 


| (equilibrium - 


lies to the left) 


жЕр 


4-hydroxy-4-methy]-2-pentanone 
(diacetone alcohol) 


7065 


ДЕЛЕ 


In this aldol addition reaction of acetone, the сци тин Favors the ketone reactant rather than 


the addition product. diacetone alcohol. This product van be isolated in good yield onis if an 
üpparatus is used that allows the product to be removed from the Base сатил м as it is formed. 


Under more severe conditions (higher base concentration. er heat orc beth, the product of 
aldol addition undergoes a dehydration reaction. 


913 


CH CILCHLCH = CHCH=Q ж 


СТС. 


2-ethyl-3-hydroxyhesxanal 
Ин aldol addition product! 


CH,CH.CH.CH-oCCIH-O Н 


CILCH, 


2-cthyl-2-hexenal 
мё а у 


каек 


The sequence of reactions consisting ol the aldol addition Followed by dehydration. is in Egy. 
223.43. 18 called the aldol condensation. (A condensation is a reaction in which bye mole- 
cules combine to form а Fireer molecule with the eBmination of a small molecule; in mans 


The term ulded condensation has Been used historically o refer to the aldol си reaction us well 


as fe the adden amd dehsdratien reaction together, To eliminate iimmbieuils, uide condensation s 


Used in this test onb for the adeditien-delis drarion sequence, The tern eide nae is used to refer 


ecneriecalls ta both addition and condensation reactions. 


The dehydration part of the aldol condensation is a B-eliminaton reaction catalyzed by 
hase, and it occurs m two distinct steps through an eneldate-iei intermedia. 


LANO 

| Al CE 
СНС AC жо = 
butanal 
Cases Wiler. ! 
SON 

f° re 

+ 

Н 0) 
| |] | 
ОН 


alder) addition 
produ 


| carbo) compote 
хаа i un [ 


Intermediate 


{) 
| 
i) = 
н | Nf е 
C—O ë Si, L SOH 1272441 
p^" / \ ^ 
~ON a unmsaluraled 


This ts not а concerted B-elimimaton. [n this respect, it differs Irom the E2 reaction. (Sec 


Problem ©, l6. p. 402.) 
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A buse-catalyzed dehydration reaction of simple alcohols ts unknown: ordinary aleohols do 
net dehydrate in base. However. B-hydroxy aldehydes and B-hydroxy ketones do for two rea- 
sons. First, their e-hydrogens are relatively асте. Recall that base-promoted B-eliminations 
are particularly rapid when acidic hydrogens are involved (Sees. 17.3B and 9.3 BY. Second. the 
produet is conjugated and therefore Is particularly stable. To the extent that the transition state 
of the dehydration reaction resembles the e.g-unsatürated ketone, it too ts stabilized һу con- 
jugalion, and the efimination reaction 15 accelerated Hammond's postulate}. 

The product of the aldol condensation is an ec B-unsaturated carbonyl compound. The aldol 
condensation is an important method for the preparation of certain o. B-unsaturated carbonyl 
compounds. Whether the aldol addition product or the condensation product is formed de- 
pends on reaction conditions, which must be worked oul on a case-by-case basis. You can gs- 
sume for purposes of problem-solving. unless stated otherwise, that either the addition prod- 
uct or the condensation produsi can be prepared. 


Musical History of the Aldol Condensation 


Discovery of the aldol condensation is usually attributed solely to Charles Adolphe Wurtz, a French 
chemist who trained Friedel and Crafts. However, the reaction was first investigated durtng the pe- 
riod 1864-1873 by Aleksandr Borodin (1833-1887), a Russian chemist who was also a self-taught 
and proficient musician and composer. (Borodin's musical themes were used as the basis of songs in 
the musical Kismet.) Borodin found it difficult to compete with Wurtz's large, modern, well-funded 
laboratory. Borodin also lamented that his professional duties so burdened him with "examinations 
and commissions" that he could only compose when he was at home ill. Knowing this, his musical 
friends used to greet him,"Aleksandr, | hope you are ill today!" 


B. Acid-Catalyzed Aldol Condensation 


Aldol condensations are also catulyzed by acid. 


» НС » 
| " | 
НСС, — C—CH—C—CH, + HW (22.451 
acetone [1.4 


mesityl oxide 
[S Hs vield I 


Acid-eatalyzed aldol condensations, as in this example. generally give e B-unsaturated car- 
honyl compounds as products: addition products cannot be isolated. 

In acid-cataly zed aldol condensations, the conjugate acid of the aldchvde or ketone is a key 
reactive intermediate, 


+ 
_н--бн. ae 
M fO 
H.C—C—CH, = H4C—C— CH, + ОН, (22.463) 


This protonated ketone plays two roles. First. it serves as a source of the enof as shown in Eq. 
32.]7b on p. 1056. Second, the protonated Ketone is the electrophilic species in the reaction. 
It reacts as an electrophile with the z electrons of the enol to give an -hydroxy carbocation, 
which is also the conjugate acid of the addition product: 


а second molecule 


of the protonated 


| ketone 
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* 
ie 
"E. : one molecule of the 
Him CCH, protonated ketone 
коно 
CH :ОН CH :Q—H 
| EU d " | | OH: 

O= | H;C—C—ClH, == HO—C—CH —C- CH ж 


the carbonyl carbon accepts 
T electrons from the enol 


STUDY GUIDE LINK 22.3 
Dehydration of 
p-Hydroxy Carbonyl 
Compounds 


\\ enol T 


an a-hydroxy carbocation 
(a protonated ketone; Sec. 19.6! 


|! 

| 

\ 
| | 
| 


CH TOL 
HO—C—CH,—C—CH, + 8+ 


CH (22 4663 


As the second part of Eq. 22.46b shows, the e-hydroxy carbocation loses a proton fo give the 
B-hydroxy ketone product. Under the acidic conditions; this material spontaneously 
undergoes acid-catalyzed dehydration to give an a. -unsaturated carbons | compound: 


CH, с) 


“к= | А A : 114+ 
HO = с Ою C, C ——_ 


He () 


\ 
a mm + HO — (2246 


CH, H 


This dehydration drives the aldol condensation to completion, (Recall that without this 
dehydration, the aldol condensation of ketones 1s unfavorable: Eq. 22.421. 

Let's contrast the species involved in the acid- and base-catalyzed aldol reactions. An елен, 
not an enolate ion, is the nucleophilie species in an acid-catalyzed aldol condensation. Ёлойне 
ions are too basic to exist in acidic solution, Although an enol is much less nucleophilic than 
an enolate ion, it reacts at а useful rate because the protonated carbonyl compound (an a-hy- 
Шгоху carbocation) with which it reacts is a potent electrophile. In a base-catalyzed aldol re- 
action. an enolate don is the nucleophile. A protonated carbonyl compound 15 nez an interme- 
diate because it is too acidic to exist in basic solution. The clectrophile that reacts with the 
enolate ion is a neutral carbonyl compound. To summarize: 


Necleophite — Electrophile 


Reaction 


neutral carbonyE compound 
protonated carbonyl compound 


enolate оп 
еги] 


Base-catalyzed aldol reaction 
Acid-catalyzed aldol condensation 


Special Types of Aldol Reactions 


Crossed Aldol Reactions The preceding discussion considered only aldol reactions be- 
tween two molecules of the same aldehyde or ketone. When Wo different carbonyl gom- 
pounds are used, the reaction is called a erossed aldol reaction, In many cases, the result of a 
crossed aldol reaction is a difficult-to-separate mixture. as Study Problem 22.1 illustrates. 
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Study Problem 22.1 


Give the structures of the aldol addition products expected from the base-catalyzed reaction of 
acetaldehyde and propionaldehyde. 


Solution Such a reaction involves four different species: acetaldehyde (A) and its enolate ion 
(A’), as well as propionaldehyde (P) and its enolate ion (Р'): 


О Q О 
| д | | = || 
H;&—C—H Н бе с=т CHCH- CH CH,CH —C—H 
А A' P р" 
Four possible addition products сап arise from the reaction of each enolate ion with each alde- 
hyde: 


OH OH OH OH 


| 
CH,CHCH;CH—O _ CH,CH,CHCH,CH—O сч a санниш 


чуч PHA CH; CH; 
A P' P+ Pp’ 
(Be sure you see how each product ts formed: write a mechanism for each, if necessary.) Notice 


also a further complication: diastereomers are possible for the last two products because each has 
[wo asymmetric carbons. 


Crossed aldol reactions that provide complex mixtures, such as the one in Study Problem 
22.1, are not very useful because the product of interest is not formed in very high yield. and 
because isolation of one product from a complex mixture is in most cases extremely tedious. 
Although conditions that favor one product or another in crossed aldol reactions have been 
worked out in specific cases, as a practical matter, under the usual conditions (aqueous or al- 
coholic acid or base), useful crossed aldol reactions are limited to situations in which e ketone 
with a-hydrogens is condensed with an aldehyde that has no a-hydrogens. An important ex- 
ample of this type is the Claisen—Schmidt condensation. In a Claisen-Schmidt condensa- 
tion, a ketone with c-hydrogens—acetone in the following example—is condensed with an 
aromatic aldehyde that has no e-hydrogens—benzaldehyde in this case. 


О 
O H C—CH, 
> aqueous NaOH N í P 
РВЕ + НС — СН. —————* =, + HO (22.47) 
benzaldehyde acetone Ph H 
l excess) 
benzalacetone 


(4-phenyl-3-buten-2-one) 
(65—7896 yield) 


Notice that the addition product cannot be isolated in this reaction: the highly conjugated con- 
densation product is formed as its most stable stereoisomer—the trans isomer in Eq. 22.47. 

[п view of the complex mixture obtained in the example used in Study Problem 22.1, it is 
reasonable to ask why only one product is obtained from the crossed aldol condensation in Eq. 
22.47. The analysis of this case highlights several important principles of carbonyl-compound 
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reactivity. First, because the aldehyde in the Claisen-Schmidt reaction has no a-hydrogens, it 
cannot act as the enolate component of the aldol condensation; consequently. two of the four 
possible crossed aldol products cannot form. The other possible side reaction is the aldol ad- 
dition reaction of the ketone with itself. as in Eq. 22.42; why doesn't this reaction occur? The 
enolate ion from acetone can react either with another molecule of acetone or with benzalde- 
hyde. Recall that addition to a ketone occurs more slowly than addition to an aldehyde (Sec. 
19.7C). Furthermore, even if addition to acetone does occur, the aldol addition reaction of two 
ketones ts reversible (Eq. 22.42) and addition to an aldehyde has a more favorable equilibrium 
constant than addition to a ketone (Sec. 19.7B). Thus, in Eq. 22.47, both the rate and equilib- 
rium for addition to benzaldehyde are more favorable than they are for addition to a second 
molecule of acetone. Thus, the product shown in Eq. 22.47 is the only one formed. 

The Claisen—Schmidt condensation, like other aldol condensations, can also be catalyzed 
by acid. 


aa , i 


STUDY GUIDE UNK 22.4 | Н / — Ph 
Understanding " H350. т Р 
Condensation СНО НЕС ae $ = (22.48) 
Reactions f 
Ph H 


(9594 yield) 
a 


'reat deal of research has been devoted to finding solutions to the “crosse ч - 

Anarem А great deal of research ha been devoted to finding solutions to the crossed aldol" prob 

Directed Aldol lem, particularly in the reactions of aldehydes with the enolate ions derived from ketones. 
тиан Some of this work is described in Further Exploration 22.1. 


Intramolecular Aldol Condensation When a molecule contains more than one aldehyde 
or ketone group. an intramolecular reaction (a reaction within the same molecule) is possible. 
In such a case, the aldol condensation results in formation of a ring. Intramolecular aldol con- 
densations are particularly favorable when five- and six-membered rings can be formed be- 
cause of the proximity effect (Sec. 11.7). 


" 
| "4 њо jso , 
CH.CH;CCH, Choy, 


(acid catalyst! | + Н.Ә (22.49) 


PROPRE 22.0 Predict the product(s) in each of the following aldol condensations. 
(а) 


O 
4 е6 +H oe ei m 
О — З 3 2) Hot 


(equal molar amounts) 


NaOH 
(b) acetophenone + hexanal —————» 


ich} О O 


2 | = А KOH 
CH; — C —CH;CH;CH;CH; — Pn 
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22.2] А reverse aldol addition is an important step in the giycolviic pathway, the process by which 
hexoses (six-carbon sugars) are metabolized as energy sources. The following reaction is 
catalyzed by the enzyme aldolase. 


Q 
| aldolase 
~ СН, OPO? (ап enzyme} ! 


P > 
H OH HO H 
fructose 1,6-diphosphate 


Q 
| 
a C x j= a= 
HOCH; СН;ОРО; + ОРОСН, CH=0 
dihydroxyacetone H os 
phosphate 


glyceraldehyde-3-phosphate 


Give a curved-arrow mechanism for this reaction, using B: as а base catalyst (which is part 
of the enzyme) and *BH as its conjugate acid. 


D. Synthesis with the Aldol Condensation 


The aldol condensation can be applied to the synthesis of a wide variety of а, 8-unsaturated 
aldehydes and ketones. and it is also another method for the formation of carbon-carbon 
bonds. (See the complete list in Appendix VI.) If you want to prepare a particular a, f3- 
unsaturated aldehyde or ketone by the aldol condensation, you must ask two questions: (1) 
What starting materials are required in the aldol condensation? (2) With these starting materi- 
als, is the aldol condensation of these compounds a feasible one? 

The starting materials for an aldol condensation can be determined by mentally “splitting” 
the a, B-unsaturated carbonyl compound at the double bond: 


4 


с) 
| | 
this portion is derived R | C—R' 
from the carbonyl | this portion is derived 
| compound that reacts (jet from the enolate ion 
with the enolate ion 7 or enol 
or enol R R 
р implies 
R O 
C=0 + H.C—C—R' (22.50) 
/ 
R R' 


That 15, work backward from the desired synthetic objective by replacing the double bond on 

the carbonyl side by two hydrogens and on the other side by a carbonyl oxygen (==0) to ob- 
tain the structures of the starting materials in the aldol condensation. 

Knowing the potential starting materials for an aldol condensation is not enough: you must 

* also know whether the condensation i5 one that works, or whether instead it is one that 15 likely 
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to give troublesome mixtures. (Review Study Problem 4.9 on p. 153). In other words, you 
can't make every conceivable a, B-unsaturated aldehyde or ketone by the aldol condensation— 
only certain ones. This point is illustrated in Study Problem 22.2. 


Study Problem 22.2 


Determine whether the following @,G-unsaturated ketone can be prepared by an aldol condensation. 


H4C 
HC 


Solution Following the procedure in Eq. 22.50, analyze the desired product as follows: 


НС О HiC | 
C—CH—C—CH,CH, rc» C=O + H4C—C—CH;CH; 
вс н 2-butanone 
acetone 


required starting materials 


The desired product requires a crossed condensation between two similar ketones: acetone and 
2-butanone. The question, then, is whether the desired product is the only one that could form, or 
whether other competing aldol reactions would occur. 

First, either acetone and 2-butanone could serve as either the enolate component or the car- 
bonyl component of the aldol addition, and there is no reason to presume that the desired reaction 
will be the only one observed. (This situation is analogous to the one presented in Study Problem 
22.1.) To complicate matters even more, 2-butanone has two nonequivalent a-carbons at which 
enolate ions (or enols) could form. This opens yet other possibilities for aldol reactions and thus 
for complex product mixtures. Hence, the reaction of acetone and 2-butanone would net be a use- 
ful for preparing the desired ketone because a large number of constitutionally isomeric products 


would be expected. 


PROBLEMS 22.22 Some of the following molecules can be synthesized in good yield using an aldol 


condensation. Identify these and give the structures of the required starting materials. Oth- 
ers cannot be synthesized in good yield by an aldol condensation. Identify these, and explain 
why the required aldol condensation would not be likely to succeed. 


(a) O 
сњо )- Е = 
| in. 
(b) 


i 
\ у—=н—е—б—ашснин, 


CH; 


^ 
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(с) CH—O (D О (e) О 
CY | CH; Ph Ph 
Ph Ph 


(f) о (р) (СН). C=CH—CH=0 
Ph—CH=CH—C—CH=CH—Ph 


(h) О 


22.23 Analyze the aldol condensation in Eq. 22.49 on p. 1069 using the method given in Eq. 22.50. 
Show that four possible aldol condensation products might in principle result from the start- 
ing material. Explain why the ohserved product is the most reasonable one. 


CONDENSATION REACTIONS 
INVOLVING ESTER ENOLATE IONS 


With this section, we begin the use of more compact abbreviations for several commonly oc- 
curring organic groups. These abbreviations, shown in Table 22.1, not only save space but also 
make the structures of large molecules less cluttered and easier to read. Just as Ph— is used to 
symbolize the phenyl ring. Me— can be used for methyl, Et— for ethyl, Pr— for propyl, and 
so on. Thus, ethyl acetate is abbreviated EtOAc: sodium ethoxide (Na* ~OC,H.) is simply 
written as NaOEt; and methanol is abbreviated as MeOH. 


P 
POSLEM 22.24 Write the structure that corresponds to each of the following abbreviations. (See Table 22.1.) 
(a) Et,C—OH (b) -Pr—Ph (с) -BuOAc 
(d) Pr—OH (е) Ac,O (Г) Ac—Ph 


A. Claisen Condensation 


The base-catalyzed aldol reactions discussed in the previous section involve enolate ions de- 
rived from aldehydes and ketones, This section discusses condensation reactions that involve 
the enolate ions of esters. 

Ethyl acetate undergoes a condensation reaction in the presence of one equivalent of 
sodium ethoxide in ethanol to give ethyl 3-oxobutanoate, which is known commonly as ethyl 
acetoacetate. 


О | О 
| п. д H3O* 
2H,C— C— ОЕ mon «HC —C—CH,—C—OEt + КОН (22.51) 
ethyl acetate ethyl acetoacetate 


(75-76% yield) 
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MaE Abbreviations of Some Common Organic Groups 
Group Structure Abbreviation 
methyl Mi= Ме 
ethyl CH,CH,— Ft 
propyl CH4CH;CH;— Pr 
isopropyl ICH; -CH — i-Pr 
butyl CH,CH,CH;CH;— Bu 
isobutyl {CH,},CHCH,— ‘Bu 
tert-butyl (CH,),C— t-Bu 
Ó 
acetyl h.t AC 
D 
| 


acetate {or acetoxy) HC—C—0— AcO 


This is the best-known example ot a Claisen condensation, which is named for Ludwig Claisen 
(1851-1930). who was a professor at the University of Kiel. (Don't confuse this reaction with 
the Claisen-Schmidt condensation in the previous section—same Claisen, different reaction.) 
The product of this reaction, ethyl acetoacetate, 1s an example of a B-keto ester: a compound 
with a ketone carbonyl group to an ester carbony! group. 


a ketone group f to an ester group 
ў | 
H4C—C— CH; —C—OEt 
Thus, a Claisen condensation is the base-promoted condensation of two ester molecules to 
give a -keto ester. 


The first step in the mechanism of the Claisen condensation is formation of an enolate ion 
hy the reaction of the ester with the ethoxide base. 


p oU О 
б, | Z ‘3 

H,C—C—OE 25 H,C—C—OEt + EtOH (22.520) 
pK, = 25 enolate ion 


Because ethoxide зоп 1s a nucleophile, we might ask whether it can also react at the carbonyl 
group of the ester to give the usual nucleophilic acy] substitution reaction, This reaction un- 
doubtedly takes place, but the products are the same as the reactants! This is why ethoxide ion 
is used as a base with ethyl esters in the Claisen condensation (see Study Guide Link 22.1 and 
Problem 22.26). 

Although the ester enolate ion is formed in very low concentration, it 18 a strong base and 
good nucleophile, and it undergoes a nucleophilic acy! substitution reaction with a second 
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Qo: 


molecule of ester (Eq. 22.4263. The usual two-step substitution mechanism ts observed—that 
Is, formation of a tetrahedral addition mtermediate followed by loss of a leaving group: 


Q (О С) 
_ | 2 


| И | | 
ш ж жой <=> “жа а —OEt ж” 


Gott 
tetrahedral addition intermediate 


DOM С) 


| | . 
H,C—C—CH,;—C—OFt + FIG 122.52) 


The overall equilibrium as written in Eqs, 22.52a-b Пех Far on the side of the reactants: that ts. 
all B-keto esters are less stable than the esters from which thev are derived. For this reason. 
the Claisen condensation must be driven to completion by applying Le Chátelier's principle. 
The most common technique is lo use one full equivalent of ethoxide catalyst. [In the 8-keto 
ester product, the hydrogens on the carbon adjacent to both carbonyl groups (red in Eq. 
22.52c) are especially acidic (why), and the ethoxide removes one of these protons to form 
quantitatively the conjugate base of the product. 


() Q L) Q 
how И | a. d 
Н. ССН C — OE + Nat НО я” H,C—C—UCIH—C—0OLEt + МОН BE 
10.7 Nat pK, = 15-16 


The un-ionized B-keto ester product in Eq, 22.5] is formed when acid is added subsequently 
to the reaction mixture. 

Notice that ethoxide ton is a сете for the reactions in Eus. 22.52a-b. but tl is consumed 
in Eg. 22.52c, Thus, ethoxide is a reactant rather than a catalyst in the overall reaction, and for 
this reason one full equivalent of ethoxide must be used in the Claisen condensation. 

The removal of a product һу ionization is the same strategy employed to drive ester saponi- 
feation to completion (Sec. 21.7A). The importance of this strategy in the success of the 
Chusen condensation is evident if the condensation is attempted with an ester that has only 
one a-hydrogen: No condensation product is formed. In this case. the desired condensation 
product has a quaternary a-carbon, and theretore it has no a-hydrogens acidic enough to react 
completely wilh ethoxide. 


no acidic 


P үн T. 1 hydrogen here 
ET — F — 
2(CH,).CH—C—OEt — Т (CH,),CH —€ — € — С.Е жыз 
CH, 


(no product observed? 


Furthermore, if the product of Eq. 22.53 (prepared by another method) is subjected lo the von- 
ditions of the Сеп condensation. it readily decomposes back to starting materials because 
of the reversibility of the Claisen condensation. 

The Chusen condensation 15 another example ot nneieophihe асу! substitution. In this re- 
action, the nucleophile ts an enolate ion derived from an ester. Although the reaction may 
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seem complex because of the number of carbon atoms in the product, it 1s not conceptually 
different from other nucleophilic acyl substitutions, such as ester saponification: 


nucleophile 
4 


ester 


tetrahedral 
addition 
intermediate 


substitution 
product 


acid-base 
reaction 


Saponification: Claisen condensation: 
лбн реч 
| | 

"A NM Д ү 
WE d EC- C49: 
‘DEt :OEt 
OH H«C СО. Е! 
NW! 7 
Hc—c- H4C Ses "ES 


S H | —СО-Е! 
HsC—C=@: + 80: ЮС С=О: + Erp 
О: HU -—4 (E 


| т | т 
HC-—OCe-—0: + БОН H;C—C=0: + EtOH 


(22.54) 


You have now studied two types of condensation reactions; the aldol condensation and the 
Claisen condensation. These condensations are quite different and should not be confused. To 


compare: 


1. The aldol condensation is an addition reaction of an enolate ion or an enol with an alde- 
hyde or ketone followed by a dehydration. The Claisen condensation 15 a nucleophilic 


асу! substitution reaction of an enolate ton with an ester group. 
The aldol condensation 15 catalyzed by both base and acid. The Claisen condensation re- 
quires a full equivalent of base and is not catalyzed by acid. 


ә 


3. The aldol addition requires only one a-hydrogen. А second a-hydrogen is required. 
however, for the dehydration step of the aldol condensation. In the Claisen condensa- 
tion, the ester starting material must have at least (wo a-hydrogens, one for each of the 


ionizations shown in Eqs. 22.52a and 22.52c. 


2225 Give the Claisen condensation product formed in the reaction of each of the following esters 


with one equivalent of NaOEt, followed by neutralization with acid. 


(a) ethyl phenylacetate (0) ethyl butyrate 


22.26 Hydroxide ion is about as basic as ethoxide ion. Would NaOH be a suitable base for the 


Claisen condensation of ethyl acetate? Explain. (Hint: See Study Guide Link 22.1.) 
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B. Dieckmann Condensation 
Intramolecular Claisen condensations, like intramolecular aldol condensations, take place 
readily when five- or six-membered rings can be formed. The intramolecular Claisen conden- 
sation reaction is called the Dieckmann condensation. 


. 
| O Nat O 
y (1 equiv.) 2” se - СОЕ AcOH А a 
e toluene \ / / СХЕ (22.55) 
CH »—(C—(OBt (solvent) ме 


ethyl 2-oxocyclopentane- 
О carboxvlate 
(74-81% yield) 
diethyl adipate 


Like the Claisen condensation. the Dieckmann condensation requires one full equivalent of 
base to form the enolate ion of the product and thus to drive the reaction to completion. 


22.27 (a) Explain why compound A, when treated with one equivalent of NaOEt, followed by 
acidification, is completely converted into compound В. 
(b) Give the structure of the only product formed when diethyl a-methyladipate (compound 
C) reacts in the Dieckmann condensation. Explain your reasoning. 


О О 
СН | 
: Н.С СО — EtO,C(CH;)4CHCO,Et 
CO,Et | 
CH, 
C 
A B for part (b) 
м „2 
for part (a) 


C. Crossed Claisen Condensation 


The Claisen condensation of two different esters 15 called a crossed Claisen condensation. 
The crossed Claisen condensation of two esters that both have a-hydrogens gives a mixture of 
four compounds that are typically difficult to separate. Such reactions in most cases are not 
svntheticallv useful. 


ic dA + сыц сий ESE. He, — D н + 
О О О О О О 
— — a + a ЧУК + — S cm 
CH; CH; (22.56) 


This problem is conceptually similar to the problem with crossed aldol reactions, discussed in 
study Problem 21.1 on p. 1026. 
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Crossed Claisen condensations are useful. however. tone ester is especially reactise or has 
na a-hydrogens, For esample. Топу groups (| —CH — 0) are readily introduced with esters 
of formic acid such as ethyl formale: 


@ 
| . 
pss С) | | HC. pla 
11. | v M -— UH 
7 : . 14 іг. ц, ' : 
| + H—C— okt = ———> - FOU 122.87) 
C]. Ms tI. 
= чаре: 72 
“COM ethyl formate mE la ‘OOM 
dicthyl succinate diethyl formyisuccinate 


bat) - 70950 vied i 


Formate esters ТИШН both of the eriterta fora crossed Claisen condensation. First; thes have no 
a-hvdrogens: second. their carbonyl reactivity is considerably greater than (hat of other esters. 
The reason for their higher reactivity is that the carbons] group in a formate ester is "part alde- 
hyde” and aldehydes are particularly reactive toward nucleophiles (Eq. 21.60. p. 10291. 

A less reactive ester without. e-hydrogens сап he used И it is present in. excess. For 
example. an ethoxs carbons E eroup ean be mtroduced with diethy t carbonate. 


- — ethoxvcarbonvl 


Ж group 
Ox. ' ^ Ei | 
OQ O OA. O 
" l - ч | | heat ТКМ | j | ; 
РАН. СОН > Bt(9—U0— OF excess) — won 7 ———- .Ph—tC1]1—€C€-—40O0£1 - ROH 
i] eun 


ethyl phenylacetate diethyl carbonate diethyl phenylmalonate 
Ка yield | lee! 
[n this example. the enalate ton of ethyl phenylacetate condenses preferentially wath diethyl 
carbonate rather than with another molecule of itself because of the much higher concentration 
a diethyl carbonate. The excess diethyl carbonate must then be separated fram the product. 
Another type of crossed Clausen condensation is the reaction of ketones with esters, En this 
type of reaction, the enolate ion of a ketone reacts at the carbonyl group of an ester. 


0 o MW 

о | J 

j NaOE! СН 
| J Таар HOT ! В 
kti- ww - T —— Lo HOH (221391 

ПТ 
ethyl formate 
cyclohexanone 2-oxocyclohexanecarhaldehyde 


(PORT viel i 


(7 O Q O 
pei | | 
І а | euiv. ! Нз А - | 
Ph—t—CH; + Ку Um = ph—C—CH,—EECHe- BN 02:60) 
acetophenone cthyl acetate 1-pheny]-1,3-butanedione 
large excess] ia B-diketone | 


bod 7080 vield 


In Eq. 22.59. the enolate ion derived [rom the ketone cyclohexanone ts acylated бу the ester 
eth] formate. [In Eq. 22.60. the enolate ion al the ketone acetophenone Is acs luted by the ester 
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clhyl acetate, In these reactions, several side reactions are possible tn principle but in fact do 
not interfere. The analysis of these cases again highlights important principles of carbonyl- 
compound reactivity, 

In Eq. 22.59, a possible side reaction is the aldol addition of evelohexanone with itself. 
However. the equilibrium for the aldol addition af two ketones favors the reactants, whereas 
the Claisen condensation is irreversible because one equivalent of base is used to form the eno- 


late ion of the product. Becanse the ester has no a-hydrogens, it cannot condense with itself. 


The ester in Eq. 22.60. however, does have -hydrogens and 15 known to condense with itself 
(Eq. 22.51. p. 1072). Why is such a condensation not an interfering side reaction? The answer is 
that ketones are Far more acidic than esters (by about 5-7 pA, units: see Egs. 223—224 on p. 
1048). Thus. rie enolate tem of the ketene ix formed in much greater concentration than the 
enolate ton of the ester. The ketone enolate ion can react with another molecule of ketone—an 
unfavorable equitibrium—or it can be intercepted by the excess of ethyl acetate to give the ub- 
served product. which is a B-diketone. Even though esters are less reactive than ketones. a B- 
diketone ts especially acidic (like u B-keto ester) and i$ пиле completely by the one equiva- 
lent of NaOEt. (Be sure te identify the acidic hydrogens of the produet in Eq. 22.60.) Hence. 
B-diketone formation iy observed because ionization makes this un irreversible reaction, 

These examples illustrate that the crossed Claisen condensation can be used for the synthe- 
sis of a wide variety of B«dicarbony| compounds. 


PROBLEM 22.24 Complete the following reactions. Assume that one equivalent of Маш is present in each 


cake, 
(a) С) O 
H,C—C—tMe, + ү уа (excess) NaOEt HO? 
(b) 
Ph—C-—CH, + Ph—-C—OBt (excess) — 220 HOt 
(с) Q CO; Et 


| | Маң HiO* 
HiC—C—CH;— Ci Me); —CH — CO,Et ———MÉ — (Cu HUS) 


Synthesis with the Claisen Condensation 


As the examples in the previous sections have shown, the Claisen condensation and related re- 
actions can be used for the synthesis of Sdicarhonyl compounds: B-keto esters, B-dikctones, 
and the like. Compare these types of compounds with those prepared by the aldol condensa- 
tion, und note the differences carefully. 

In planning the synthesis of à B-dicarhonyl compound. we adopt the usual two-step strat- 
еру: examine the target molecule and work backward to reasonable starting materials. Then 
we mustn t forget to analyze the reaction of these starting materials to see whether the desired 
reaction ts reasonable or whether other reactions will occur instead. 

To determine the starine materials for a Clasen vondensation, mentally reverse the conden- 
sation by adding the elements of ethanol (or another alcohol) across either of the carbon-car- 
bon bands between the carbonyl groups. Because there are two such bonds, we will generally 
lind two possible "disconnections" (labeled (a) and (b) in the following equation) and two cor- 
responding sets of staring maierials by this procedure. 
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enolate acceptor 
T" component carbonyl compound 
2 ph. Q m 
H-- ОЕ! (a) | Wf 7] | 
2 HC—C—C—H + EtO—C— ОЕ 
R О REO | 
| Jel I R? H 
HC—C--C-*-C—OEt (22.61) 
E R О R^ О 
к SH ND | 
5 HC — C ——0m + H—€C—G—UOEBI 
Eto} tty) | | 
К° Н 
р) acceptor enolate 
carbonyl compound component 


А B-diketone can be similarly analyzed in two different ways: 


(a) 
2 О К О 
Н = OF (a) | | | 
е m % эйе. Ж + MO—C—IRE 
1:121 H 
RI—CC-C—R (22.62) 
EI O R О | 
oH | БИ L' 4 
з Ri— C—O + НСС — R? 
Шакы: tbi | 


{hy} 


Having determined the starting materials required in a Claisen condensation, we then ask 
whether the Claisen condensation of the required materials will give mostly the desired prod- 
uct or a complex mixture. Such an analysis of a target -keto ester 15 illustrated in Study Prob- 
lem 22.3. 


Study Problem 22.3 


Determine whether the following compound can be prepared by a Claisen condensation or one of 
its variations; if so, give the possible starting materials. 


O 
| 


О 
C —CH; . 
H 


Solution This is a B-diketone, a type of compound for which a Claisen or Dieckmann condensa- 
tion might be appropriate. To determine the possible starting materials, follow the foregoing 
procedure: Add EtOH in turn across each of the bonds indicated: 
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STUDY GUIDE LINK 22.5 
Variants of the 


Aldol and Claisen 
Condensations 


Addition across bond (a) gives the following possible starting material: 


On? „Ов Ө 


| 
"E CH,—C—CH, 
ay ow x» 


Now let's think about a// possible Dieckmann condensation reactions that can occur with this 
compound. Three possible sets of a-hydrogens could ionize to give enolate ions. Hydrogens (1) 
and (2), because they are adjacent to a ketone carbonyl, are more acidic than hydrogens (3), which 
are adjacent to an ester carbonyl. Formation of an enolate ion at (1) and reaction of this enolate at 
carbonyl B give the desired product, and this reaction is driven to completion by using one equiva- 
lent of NaOEt. Formation of an enolate ion at (2) and reaction of this enolate at carbonyl B would 
give a B-diketone product containing a seven-membered ring: 


О, О 


Because five-membered rings usually form much more rapidly than seven-membered rings 
(Sec. 11.7), the desired product should be the major one, although formation of the seven- 
membered ring is a potential complication. 

Breaking bond (b) in the target gives the following starting materials: 


О 
p | 
T + рр == 
ethyl acetate 
cyclopentanone 


In this case, the ketone, cyclopentanone, is more acidic than the ester, ethyl acetate. Because of its 
symmetry, cyclopentanone can give only one euolate ion. Aldol addition of this enolate ion to 
another molecule of cyclopentanone is an unfavorable equilibrium; recall that the equilibria for 
aldol additions of ketones are unfavorable. If an excess of ethyl acetate is used, this potential side 
reaction can be further suppressed, if it occurs at all. The desired Claisen condensation can be 
made irreversible by use of one equivalent of NaOEt to ionize the products. Consequently, this set 
of starting materials—cyclopentanone and ethyl acetate—should give the desired reaction. 

Evidently, both sets of potential starting materials would work, and in fact are acceptable 
answers. Which would be best in practice? Cyclopentanone and ethyl acetate are inexpensive and 
readily available. The other starting material would probably have to be prepared in a multistep 
synthesis. Consequently, cyclopentanone and ethyl acetate are the starting materials of choice. 
(This synthesis is conceptually the same as the one in Eq. 22.60.) 


panes 22.29 Analyze each of the following compounds and determine what starting materials would be 


required for its synthesis by a Claisen condensation. Then decide which tf any of the possi- 
ble Claisen condensations would he a reasonable route to the desired product. 
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(a) О F tb) | О 
H,C-—C— CH—C—CH;CH; ас 


CH; CH; 
(c) O (d) О O 
CO,Et А lE ra d 
: PhCH;—C-—CH —C—OEFt 
CH; 


CH;CH;CH,; 
22.30 Give the starting material required for the synthesis of each of the following compounds by 


a Dieckmann condensation, 
(à) O (Б) O 


22.6 BIOSYNTHESIS OF FATTY ACIDS 


The utility of the Claisen condensation and the aldol reactions is not confined to the labora- 
tory; these reactions are also important in the biological world. The biosynthesis of fatty acids 
(Sec. 20.5) illustrates how nature uses a reaction very similar to the Claisen condensation to 
build long carbon chains. 

The starting material for the biosynthesis of fatty acids is a thiol ester of acetic acid called 
acetyl-CoA. 


H,C—C —9— СоА 
acetyl-CoA 


The abbreviated name acetyl-CoA stands for acetyl-coenzyme A, the complete structure of 
which is shown in Fig. 22.3. The complex functionality in this molecule is required for its 
recognition by enzymes. However, this complexity has no direct role in its chemical transfor- 
mations and can be ignored for our purposes. 


O О а сн, d г 
| 
| I 

H,C—C— S(CH;NHC(CH;)J,NHC— CH-—C— CH;—0—P—Q—P—0O— CH, 


abbreviated | - 3 m А 


| K configuration 
C) ‘ 
Hac ES SCoA ОРО OH 


Figure 22.3 Structure of acetyl-CoA, the basic building block for fatty acid biosynthesis 
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In the biosynthesis ol fatty acids; avetyi-CoA is converted into malonyl-CoA by carboxy- 
lution of the a-carbon (Problem 22,12]; 


С) с) 
Se =н = 0А 
malonyl-CoA 
The —SCoA eroup in both acetyl- and malonyl-CoA ts then replaced in a nucleophihe асу! 
substitution reaction by a ditlerent group — SR. called the асу carrier protei. Although this 
Is an important aspect of the biochemistry. it makes no difference in understanding the chem- 
ical transformations involved. In a reaction closely resembling the Chusen condensation, 
these malonyl and acetyl thiol esters react in an enzyme-catalvzed reaction lo vive an aee- 


tvacelyl thiol ester, (In this equation; “BH and 8: are acidic and basic groups, respectively, 
that are part of the enzyme catalyst} 


malons] rhiol ester 


BD 
di 
E Mu F 
О: C=) TOM 
NI к . РА np È РА 
: ЖЕ а 4 nzyme i | А L4 e Р ES 
Н.с Sar Жа е. EE cuo EN eoe) 
SR | SR TTE" SR 
| md 
nucleophilic 
electron pair 
OK " 


4 
HC -GH + Rh = В: 2632 


SR 


аке ny | thiol ester 


The nucleophilic electron pair red in Eq. 22.630) 15 made available not hy proton removal. bul 
hy loss of CO. from malonyl-CoA. The loss of CO, as à gaseous hy-produet also serves an- 
other role: to drive the Chusen condensation to completion, Recall that in the laborators. a 
Claisen condensation ts driven to completion by ionization of the product with a strong base 
like ethoxide. Such a strong base cannol be used within living cells. in whieh all reactions 
Must occur near neutral pH. 

The product of Eq. 22.632. an acetoacetyl thiol ester, then undergoes successtvely g carbonyl 
reduction, a dehydration. and a double-bond reduction. each calalyzed by an enzyme. 


ON I 
\ j 
ye Cc 
ы E : | | чїй fior! Í ` , dehydro 
П.С ССН -sR SS or Се 
yh. 

H {) 
| | O 

coe. p : ПАПА R . | 
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The net result of Eqs. 22.63a-b is that the acetyl thiol ester is converted into a thiol ester with 
two additional carbons. This sequence of reactions is then repeated. thus adding yet another 
two carbons to the chain. 


О С) 
| | 
CH;CH;CH;C- —SKR + “O—C— i] 1, —{ HD 2 ; 


O O 
[| | 


CH,CH,CH,C—CH,—C—SR + R—SH + CO, (22.630) 


0 C) three reactions 
| | like Eq. 22.63b | 
CH,CH,CH,C—CH;—C—SR + QCH;,CH;CH;CH,CH,.— C— SR (22.634) 


These four reactions are repeated with the addition of two carbons to the carbon chain at each 
cycle until a fatty acid with the proper chain length is obtained. The fatty acid thiol ester is 
then transesterified by glycerol to form fats and phospholipids (Sec. 21.12B). 

The biosynthetic mechanism outlined in Eqs. 22.63a-d shows why the common fatty acids 
have an even number of carbon atoms: They are formed from the successive addition of two- 
carbon acetate units. Fatty acids with an odd number of carbon atoms, although known, are 
relatively rare. 

Fatty acids are not the only compounds in nature synthesized from acetyl-CoA. Isopentenyl 
pyrophosphate (the basic building hlock of isoprenoids and steroids; Sec. 17.6B}, as well as a 
number of aromatic compounds found in nature, are also ultimately derived from acetyl-CoA. 
Claisen condensations and aldol reactions play significant roles in the synthesis of these com- 
plex natural products. 

This text has presented a number of examples of how chemistry is carried out in living sys- 
tems. All of these processes have close analogies in laboratory chemistry. With benefit of 
hindsight, it might seem obvious that natural chemistry and laboratory chemistry should be 
closely related. However, this point was far from obvious to early chemists. The serendipitous 
synthesis of urea by Friedrich Wóhler (Sec. 1.1B) signaled the beginning of an age in which 
the chemistry of living systems and laboratory chernistry are regarded as branches of the same 
basic science. 

The "traditional" way of learning biochemistry is to memorize the many pathways and to 
їгу to understand the relationships between them. The better way to learn biochemical path- 
ways is to see them as logical sequences of transformations that make sense in terms of the or- 
eanic chemistry involved. The student who brings an understanding of the fundamental mech- 
anisms of organic chemistry to his or her study of biochemistry is empowered to take this 
more logical, and certainly less tedious, approach. 


| PROBLEMS 


223] Outline the biosynthetic reactions by which the thiol ester of hexanoic acid is converted into 
the thiol ester of octanoic acid. 


22.32 The formation of malonyl-CoA from acetyl-CoA involves a vitamin called biotin, which 
serves as a "CO, carrier" in living systems. In this reaction, a carboxylated form of biotin 
reacts with the enol form of acety!-CoA, as shown in the following reaction, to give mal- 
onyl-CoA. А 
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OH - 
| aceryl-CoA 
H.C—C—SCoA + carboxylase 
c= 
enol form of acetyl-CoA 
OQ 
O O A 


malonyl-CoA 


biotin 


Provide a curved-arrow mechanism for this reaction, using B: as a base (which is part of the 
enzyme) and *BH as its conjugate acid. 


ALKYLATION OF ESTER ENOLATE IONS 


Sections 22.4—22.6 described reactions in which enolate ions react as nucleophiles at the car- 
bony] carbon atom. This section considers two reactions in which enolate ions are used as nu- 
cleophiles in S2 reactions. 


A. Malonic Ester Synthesis 


Diethyl malonate (malonic ester), like many other S-dicarbonyl compounds, has unusually 
acidic a-hydrogens. (Why?) Consequently. its conjugate-base enolate ion can Һе formed 
nearly completely with alkoxide bases such as sodium ethoxide, 


poo] bad 
EtÜ:- + EO—C—CH,—C—OEt ==> EtÜ—H + BO—C—CH—C—OEt (22.648) 


enolate ion of diethyl malonate 
diethyl malonate i 


pka = 12,9 


The conjugate-base anion of diethyl malonate is nucleophilic, and it reacts with alkyl halides 
and sulfonate esters in typical S42 reactions. Such reactions can be used to introduce alkyl 
groups at the a-position of malonic ester. 


“Н.Н. CHCH, 
| 


Nat ~:CH(CO Et), + СНаСН — Br 
Kp. - 


a Ee CH,CHCH(CO;Et), + Nat Br ^  (22.64b) 


(8396 vield) 


As this example shows, even secondary halides can be used in this reaction, (See Further Ex- 


ploration 22.2.) 
4 The importance of this reaction is that it can be extended to the preparation of carboxylic 
ТЕРТ тне АРАА acids. saponification (Sec. 21.7A) of the diester and acidific ition of the resulting solution 
Malonic Ester gives a substituted malonic acid derivative. Recall that heating any malonic acid derivative 
Aikylation 


causes it to decarboxylate (Sec. 20.11). The result of the alkylation, saponification, and decar- 
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boxylation sequence 1s a carboxylic acid that conceptually is a substituted acetic acid—an 

acetic acid molecule with an alkyl group on its a-carbon. 

decarboxylation 
(Sec. 20.11) 

а га | CHCH: "i 


1 i + ? 
CH;CHCH(CO>Et); —— CH,;CHCH(CO; Nat) —— „ CH;CHCH(COSH), heat 
CHCH; 


ester saponification 
(Sec. 21.7А) 


CH,CHCH,CO.H + CO, 


| 


a "substituted acetic acid” 


(22.640) 


The overall sequence of ionization, alkylation. saponification and decarboxylation starting 
from diethyl malonate (Eqs. 22.64a-c) is called the malonic ester synthesis. Notice that the 
alkylation step of the malonic ester synthesis (Eq. 22.64b) results in the formation of a new car- 
bon-carbon bond. І 

The anion of malonic ester can be alkvlated twice in two successive reactions with differ- 
ent alkyl halides (if desired) to give, after hydrolysis and decarboxylation, a disubstituted 
acetic acid. This possibility allows us to think of any disubstituted acetic acid in terms of di- 
ethyl malonate and two alkyl halides, as follows (X = halogen): 


acetic acid unit 
R—CH—CO;H => R—C(COSEt); c CHi(CO;EO,R—X,R'—X (22.65) 
R' R' 
if the alkyl halides R— X and R'— X are among those that will undergo the S42 reaction, then 


the target carboxylic acid can in principle be prepared by the malonic ester synthesis. This 
analysis is illustrated in Study Problem 22.4. 


Study Problem 22.4 


Outline a malonic ester synthesis of the following carboxylic acid: 
me 
CH;(CH;) 4СН —СО„Н 


2-methylheptanoic acid 


Solution Using the analysis in the text, identify the “acetic acid" unit in the carboxylic acid. The — 
two alkyl groups—in this case, a methyl group and a pentyl group—are derived from alkyl halides. 


СН; —— derived from СН 


| 
єниєн.„—Ссн—Со,н 
№ 


N : 
derived from CHICH; hBr substituted acetic acid 
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This analysis leads to the following synthesis: 


formation of 
the enolate ion 


CH,(CO,Et)) ба ————— 7» CH(4CHUSCH;CH(CO;EO); 65.  — 


EtOH EtOH 
diethyl malonate 
Introduction of 
the first alkyl group 


Ester saponification, acidification, and decarboxylation, as in Eq. 22.64c, give the desired product. 

The two enolate-forming and alkylation reactions must be performed as separate steps. 
Adding two different alkyl halides and two equivalents of NaOEt to malonic ester at the same 
ume would not give the desired product. (Why?) 


| formation of introduction of 


| the enolate ion | | the second alkyl group 


CH; 


CH;(CH.);CH.C(CO,Et), + Nal (22.66) 
(80% yield) 


PROBLEMS 


22.33 Indicate whether each of the following compounds could be prepared by a malonic ester 
synthesis. ЇЇ so, outline a preparation from diethyl malonate and any other reagents. If not, 
explain why. 

(a) 3-phenylpropanoic acid (Б) 2-ethylbutanoic acid (с) 3,3-dimethylbutanoic acid 

22.34 Give the product of the following reaction sequence and explain your answer. 


CH,(CO,Et), + BrCH;CH;CH;C| SCH, MOH, PO. сн, 


22.35 (a) When the conjugate-base enolate of diethyl malonate is treated with bromobenzene, no 
diethyl phenylmalonate is formed. Explain why bromobenzene is inert. 


?CH(CO,Et); + Е >e K jacomo, *Br 


diethyl phenylmalonate 


(b) When the same enolate ion is treated with bromobenzene and a catalytic amount of 
Pd[P(r-Bu),],. diethy! phenylmalonate is formed in excellent yield. Explain the role of 
the catalyst with a mechanism. 


B. Direct Alkylation of Enolate lons Derived from Monoesters 


In the synthesis of carboxylic acids by malonic ester alkylation, а — CO,Et group is “wasted” 
because it is later removed. Why not avoid this altogether and alkylate directly the enolate ion 
of an acetic acid ester? 

Q 


| = ll E 
B: + H,C—C—OR ——» H,C—C—OR CHiCHYCH;CH.—I 


(a base) + Вн 
О 


| 
CH4CH,CH,CH,—CH,—C—OR + I^ (22.67) 
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At one lime this idea could not be used in practice because enolate tons derived from esters. 
once formed. undergo another, faster reaction: Chasen condensation with the parent ester 
(Sec. 22.5A). The direct alkylation shown in Eq. 22.67 ts so attractive. however, that chemists 
continued efforts to find conditions under whieh it would work. 

It was discovered in the early 1970s that a family of very strong, highly branched nitrogen 
bases. such as the following two examples, can be used to form stable enolate tons rapidly ш 


-' T8 "C from esters. 
+ Е: > 


bit N Li 


lithium lithium 
diisopropylamide cyclohexylisopropylamide 
(LDA) (LCHIA) 


pA of conjugate acide: 235 


tDo not confuse the term сне in the names of these hases with the carboxylic acid deriva- 
tive. This term has a double usage. As used here. an emide is the conjugate-base anion of an 
amine.) The conjugate acids of these bases are amines, which have pA) values near 35. Be- 
cause esters have pA, values near 25, these amide bases are strong enough to convert esters 
completely into their conjugate-base enolate ions. The ester enolate anions formed with these 
bases can he alkylated directly with alkyl halides. Notice that esters with quaternary a-carbon 
atoms can be prepared by this method. (These compounds cannot be prepared hy the malonte 
ester synthesis; Why? 


à quaternary a-carbon 


CH, O - CH, O Li" CH, O 

| ll | Іх ША EE ЊЕ 1 М | | 
Нас 0—0 DE H «t. sc ш CIBO S Ны ———É Ger x* lu 

| ]5 num Е | 

Н Ба ( H | \ 
ethyl 2- methylpropanoate AS ethyl 

L 2,2-dimethvlpropanoate 
ON (ethyl pivalate) 
[87 n уе} ILAS) 


The nitrogen bases themselves are generated from the corresponding amines and hutvIlithium 
{д commercially available organolithium reagent) at — 78 °C in tetrahydroturan (C THE? solvent. 


/ 
== 


Nee ` d 
N—H = CH,CIÍLUILCH; ^ li рэя Suo Li* + CHACHLCH-CH, 12269) 


This method of ester alkylation is considerably more expensive than the malonie ester куп- 
thesis. [t also requires special inert-atmosphere techniques because the strong Bases that are 
used react vigorously with both oxygen and water, For these reasons, the malonic ester syi- 
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thesis remains very useful. particularly for large-scale syntheses, However, for the preparation 
ol laboratory samples. or for the preparation of compounds that are unavailable from the mal- 
onic ester synthesis, the preparation and alkylation of enolate tons with amide bases is partig- 
ulari valuable. 

The possibility of the Claisen condensation as a side reaction was noted in the discussion 
ob Eq. 22.67. The use of à vers strong amide buse avoids the Clasen condensation for the fol- 
lowing reason, The reuction is гил by adding the ester te the base. When à molecule of ester 
enters the solution. it ean react either with the strong base to form an enolate ion or with a 
molecule of alreads formed enolate ion in the Claisen condensation. The reaction of esters 
With strong amide huses is so mugh faster at —78 °C than the Chusen condensation that the 
enolate pon is formed instintiy and never hes a chanee to undergo the Clasen condensation, 
In other words. the Clatsen condensation is avoided because the ester and its enolate ion are 
never present simultaneously texcept for an instant) im the reaction flask. 

Another potential side reaction is the nucleophilie reaction of the amide base tor even its 
conjugate асю amine, whieh is. after all, sulla base) at the ester curhony! group, Because 
amines react with esters to give products of aminolysis (Sec. 21. 3C 1. 1t might be reasonable to 
very strong buses пиеса —to react even more rapidly 


expect the commieare bases ol amines 
with esters. That this does nor happen is once again the result of à competition, When an 
amide base reacts with the ester it can either remove a proton or react at the carbons | carbon. 
A reaction at the carbonyl carbon is retarded by an der Waals repulsions between groups on 
the carbonyl compound and the large hbranehed groups on the buses. (These van der Waals re- 
pulsions have been aptly termed F-straig. or “trent strain] Por such a branched amide base 
lo react ab the carbons] carbon is somes hat like trying to put a dinner plate into the coin slot 
ol a vending machine. If the amide base could he in contact with the ester long enough, it 
would eventually react at the carbonyl eurbon: but the base instead reacts more rapidly а dif- 
ferent was: [t abstracts an a@-proten. Reaction with a Ову hydrogen does not involve the van 
der Waals repulsions that would occur if the base were to react at the carbonyl carbon. Hence, 
the amide base takes the path ol least resistance: ft forms the enolate ion. Notice that van der 
Waals repulsions are used productively in this eximple—to avoid an midesired reaction. 


PROBLEM | | . | . | | 
22.36 Outline a synthesis of each of the following compounds from either diethyl malonate or 


ethyl acetate. Because the branched amide bases are relatively expensive. vou may use them 
in only one reaction. 


(a) Чу 7 th} CH,CH.CH; {с} C.H. 
І CH—CO:H C.H, — C—CO.EI 
CH; 
CHCH,CH, 
valproic acid А 


| sed in treatment of epilepsy} 


22.37 The reactions ol ester enolate ions are not restricted to simple alkylations. With this in mind. 
suggest the structure of the product formed when the enolate ion formed hy the reaction of 
tert-butyl acetate with LCHIA reacts with each of the following compounds at — 78 °C fol- 
lowed by dilute HCI. 

(a) acetone fb) benzaldehyde 
22.38 Predict the product formed when the conjugate-base enolate ion of ethyl 2-methylpro- 


paneate (shown in Eq. 22.68) is treated with bromobenzene and a calalytic amount of 
Pd[Pir-Bu),],, and explain the role of the catalyst, 
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Acetoacetic Ester Synthesis 


Recall that G-keto esters. ke malonte esters; are substantially more acidic than ordinary es- 
lers (Ey. 22.52e. p. 10743 and are completely ionized by alkoxide bases 


О 0 О O 
| 


HOT + СС CH, -C ORR — БОН + ILE—C— H C CORR (02760 
ethyl acetoacetate ethanol 
pA, = OHLT pK- 16 

The enolate ions derived fram B-Keto esters. like those from malonate ester derivatives, can be 

"Куш bs primary or unbranched secondary alkyl halides or sullonate esters. 

OO Т OO OQ Y 
| ү senses (d b | 
НСИ ОЕ +:Ё-=©Н0Н ОШОН; —> НСС СИОН = Nat ier 
z | 
ма" ]-bromobutane CH5CH;CH;CHs 
ethyl 2-acetylhexanoate 
FE viele Р]! 
Dialkylatton of B-keto esters is also possible. 
C) E) . 
| wE | | 
a А : ENT 1 E ` z И Tat 14,11 
J E—E— OLI T HC =E SENISES orn —— MÀ 
Claisen condensation first alkylat ion 
{) i) с CH, О 
td 200 NaOH I — | A d 

11.0.6 СН (ОЕ ————=— oH tt —— 0—4 IOGA 


(CHV CTT, second alkylation | ЯС 
СИЕ 
Alks lation of à Dieckmann condensation product is the same type of reaction: 
О О 

AT CH;CH;CH 

(C ма Пг —=СН,СН:СН ANE 
, : rr ee) | | жа 31 

\ ! ае | / COLI в 

^ | = 1 1 * 


[Iramalhecekmann 
conmlensation | 


cthyl2-oxo-1-propyl- 
cyclopentanecarboxylate 
БАШ vied) 


Like esters of substituted malonie acids. the alks lated derivatives of eitis | acetoacetate сап 
be hydrolyzed and decarboxs lated to give ketones, Ester saponification and protonation gises 
a substituted -kelo acid; and -Keto acids spontaneousIs decarbosylate at room lempuerature 
(See. 20.1 E. This series of reactions is lustrated as carried out on the product of Eq. 23.71: 
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| 
нс—с— 


Е — 


ая 


NaOH, H;O H3O, 0+, heat 
== M — —————————ÀM- 


| 
aeos 


CH.CH.CH,>CH, | ester 
saponification 


| protonation and 
decarboxylation 


O 


H,C—C—CH.CH,CH:CH.CH, + CO, + EtOH (22.74) 


The alkylation of ethyl acetoacetate followed by saponification. protonation, and decar- 
boxylation to give a ketone is called the acetoacetic ester synthesis. The alkylation part of 
this sequence, like the alkylation of diethyl malonate. involves the construction of new car- 
bon-carbon bonds. 

Whether a target ketone can be prepared by the acetoacetic ester synthesis can be deter- 
mined by mentally reversing the synthesis. 


1 
R—C—CH;—CO.,Et, R'— Br, R"— Br 
O R Ó R’ 
| | | | O R 
C—C—H E R-E- Cenan: c | (22.75) 
| | R—C—CH-—UCÜO,Ft, R'— Br 
R” | R” 
i C) R” 
replace with СОЕ | 


| 
R—C—CH—CO,Et, R'— Br 


This analysis involves replacing an a-hydrogen of the target ketone with a —CO,Et group. 
This process unveils the 8-keto ester required for the synthesis. The -keto ester, in turn. can 


генг АНДЫН either be prepared directly by a Claisen condensation or can be prepared from other B-keto es- 
of the Claisen ters by alkylation or dialkylation with appropriate alkyl halides, as indicated by the possibili- 


Condensation 


Study Problem 22.5 


ties in Eq. 22.75. 


Outline a preparation of 2-methyl-3-pentanone by a reaction sequence that involves at least one 
Claisen condensation. 
Solution The discussion in the text leads to the following analysis: 
@' bas 
CH;CH;C => CH, c EUR, c CH 
CH; CH, 
2-methyl-3-pentanone Á 


where the symbol 5>, as usual, means "implies as a starting material." The §-keto ester A cannot 
be prepared directly by a Claisen condensation because it would require a crossed Claisen con- 
densation (see Ex. 22.61, p. 1079), and because the reaction could not be made irreversible by de- 
protonation. A second option is to provide one of the methyl groups by alkylation of the enolate 
ion derived from f3-keto ester B: 
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о  CO;Et о COLEt 


Paw Cae АС => CH;CH;C—CH—CH; H4C—I 


CH; s 


А 


The enolate ion of compound B, in turn, can be prepared directly by the Claisen condensation of 
ethyl propionate. (This follows from the analysis shown in Eq. 22.61, p. 1079.) 


O сон 
.NaOEt. 
2CH;CH,CO,Et 1 re CH,;CH,C-—C—CH; Hic—1 A 
ethyl propionate enalate jon of B 


Saponifying А and acidifying the solution will give the B-keto acid, which will decarboxylate 
spontaneously under the acidic reaction conditions to give the desired ketone. 


о Со, О toe O H 
Р - ^ NaOH | | К HOF | | 
G ш. E ете =. Ecc x 
CH; CH; CH, 


target molecule 


Do not let the large number of reactions in this chapter obscure a very important central 

theme: Enolate ions are nucleophiles, and they do many of the things that other nucleophiles 

k do, such as addition to carbonyl groups. nucleophilic acy! substitution, 5,2 reactions with alkyl 

X halides, and so on. The reactions of enolate ions presented here are only a small fraction of 

Further Exploration 22.3 да PON, no Wat if жан sim sentes fdas that айы ane ere nie) — 

Alkylation of those that are known. Yet if you grasp the central idea that enolate ions are nucleophiles, and 

Enolate lons Derived if you understand the other reactions of nucleophiles, you should have little difficulty under- 
шышы лысы standing (and perhaps even predicting) other reactions of enolate ions. 


PROBLE ag ^ s 
no Чә | 22.39 Outline a synthesis of each of the following compounds from ethyl acetoacetate and any 
other reagents. 


(а) 5-methyl-2-hexanone (Б) 4-phenyl-2-butanone 

22.40 Outline a synthesis of each of the following compounds from a f3-keto ester; then show how 
the B-keto ester itself can be prepared. 
(a) Q (б) О 


| 
PhCH xum —C—CH,CH, aod —C—CH,Ph 


CH, CH; 


22,41] Predict the outcome of the following reaction by identifying A, then B, then the final prod- 
uct. (Hint: How do nucleophiles react with epoxides under basic conditions?) 


ЕРЕ 0 . NaOEt 
diethyl malonate ад А 
HC О 
LT 4 | 
А + / — СН, -ron P — (СНО) 
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CONJUGATE-ADDITION REACTIONS 


A. Conjugate Addition to a, p-Unsaturated Carbonyl Compounds 


The conjugated arrangement of C=C and C=O bonds endows a. g-unsaturated carbonyl 
compounds with unique reactivity, which is illustrated by the reaction of an e -unsaturated 
ketone with HCN. 


Q C? 
| Мз d 
. Е =з ча КМ ` Е 
Ph— i H=CH —EC— Fh – НСМ PE T Ph—£&ii— ol —c— Ph ЛАТ 


LECAS OTLET 1 | 
CN 


ra 3-96" yield 


In this reaction. the elements of HCN appear to have added across the C=C bond. Yet this 1s 
not a reaction of ordinary double bonds: 


СМЛ. - MCN — —— norcaction екг 


М EM 
ЕЩ | 


Nucleophilie addition to the double bond in an се. -unsaturated carbony = compound occurs 
because f£ vives a resonance-stabilized enolate lon intermediate: 


2d CX TET | 
G | 


EH [—€— Ph — |Plh—ClHI—CH-——C—HFh. Oe Phe CHS Ph 
| | 
“ICN CN CN 
enolate ion 

(Ма! 
(Nucleophilic addition to the alkene m Eq. 22.77. in contrast, would eise а very unstable 
alkyl union.) The епо е ion can be protonated on either oxygen or carbon. In either case. и 
carbonyl group is eventually regenerated because enols spontaneously form carbonyl com- 
pounds (See. 22.21. The орел result of the reaction is net addition to the double boni. 


TUE Qu 
Al 
Ph—&H- UCll—t;—Ph «—— Ph—&d Cll—UC—Ph 


CN 
[2^ 78h: 


(О: ОН 
| 
Р С—С —C—Ph ә. Ph—H--CH—C—Ph + 7CN 
| 
CN CN 


observed product enol term af product 
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Nucleephilie addition lo the carbon-carbon double bonds of oa. -unsaturated. aldehydes. 
ketones, esters, and nitriles is a rather general reaction that ean be observed wilh a variety of 
nucleophiles. Some additional examples follow: tv lo write the mechanisms. of. these 


TRL LOWS, 


Conjirgeate edditions то ee, -unsautnrated esters: 


E с) 
| | У 
E : | . 
a И i : к Те £ А - ч z SM nes 
je e ш + Nat TEN a lcge Coo c es 
| ЖАШКА 1л.) 
li алин CN Е" 
евон тоннан. 
ethyl crotonate ethyl fI-cyanobutyrate 
Isapenified under the 
Teaclien conditions} 
(C) 
i f : | ER le CH: ТЕЗИ : : 
ll-¢.—CH—tiH.—ti—t)” Na Сс ——- 114.011 СЫ. EH 
V. - A 
| 
Б | 
CN пий CO. 
ТУУТ хх, Н 
sodium f-cyanobutyraite e-methylsuccinic acid 
dO Za iel] i 
RUE T 
' a : . А аА Р . ` : 
(CH4)SCH—5H. - Н 1—0. ме раар r HijLH—5—Cl1.—CllI.—CO,.Me 220) 
2 Е m 2 : 7 
2-propanethiol methyl acrylate methyl 3-(isopropylthio)propanoate 


197?u vieldi 
Conjingate addition to an o. D-unsatirated ketone: 


AU. 
O O ho d 
| Е. | | 
IC | C—CH=CH—Ph + HN: oe Б {б елее {еб үй = жы 


PSS viekli 


Conpigate esditton to an ce -unsatrated пуне: 


Nl Dn 


| (— (t. —{. UMS "^^ va 


CHSH + HIC—CH—CUCN 


methanethiol acrylonitrile 3-(methylthio)propanenitrile 
Oo vivld: 


Notice that the addition of es ande in Eq. 22.79 terms a new carbon-carbon bond, and that the 
nitrile group can then be converted into à varboxs lie acid group bs hydrolysis; The addition of 
a nucleophile то acrvlonitrile tas in Eq. 22,82) 18 a useful reaction called eyanoethvylation. 
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Because quinones (Sec. 18,7) are e f-unsaturated carbonyl compounds, they also undergo 


similar conjugate-addition reactions. 


i) C DIE 
' SCH; се: 
Т” ac H Р u. SCH, 
+ CH3SH ——— (22.833 
| Ў MeOH 
M UM Is, E 
(3 (3H OH 


In this example. the reaction is driven to completion by enolization of the ketone in brackets 
to the phenol, which is aromatic. (See Eq. 22.14. p. 1054; and see also the sidebar. "Poison 1А у 
and [techy Quinones, on p. 866. for a similar case.) 

The preceding examples occur under basic or neutral conditions. but acid-cataly zed addi- 
lions to the earhon-earbon double bonds of eB-unsaturated carbonyl compounds are also 
Know n. 

H.C-——CH—COSM&e + НВг To By —CH CH, =СО- Ае (22.84) 


methyl acrylate methyl #-bromopropionate 
(80-8400 Ун 


' ELC = CH—ClH=0 - HC) — >> (0I—CHICH.— CH O0. (2383) 


Although such reactions appear 10 be nothing more than simple additions to the carbon-carbon 
double Боту, this 1 not the case. The more basic site of an е, 6-unsaturaled carbonyl] com- 
pounds is not the double bond. but rather the carhonyl oxy gen. Protonation on the carbons | 
oxygen is followed by a reaction with the halide ion. The electrophilie oxygen can accept eler- 
trons as a result of a nucleophilic reaction of the halide ion either at the carbonyl carbon or, be- 
cause af the conjugated arrangement of ят bonds. at the B-carbon: 


"T ^ 
М EMI 
H- СН СОСН, ен emoci, 
Вт Br 
OH OH 


| | 
H.C94CH—C—OCII, — НС СНС ОСН; 


Br Br 
аты i КИШ 
JB 


| 
Br 


R—CH—CH —C—0Ft + H— Nuc 


228 CONIUGATE-ADDITION REACTIONS 1095 


A reaction of Bro at the carbons | earbon vields a relatively unstable tetrahedral addition inter- 
тае: a reaction al the B-carbon yields an enol. which. rapidly reverts to the observed 
carbonyl product, 

An addition to the double bond ofan ее. -unsaturated carbons | compound is an example ot 
centile addition. The mechanism of the conjugate addition of HBr shown in Eq. 22.86 is 
simular to the conjugate addition of HBr to 7.3-butadene (Sec. 154A i both involve curboca- 
tion intermediates. However. the ласере conjugate addition, such as the addition of 
eyanide in Ец. 22.79, has no parallel! im the reactions of simple conjugated dienes. 


Conjugate Addition Reactions versus Carbonyl-Group Reactions 


Any conjugate addition reachon cemipetes with a earbonylc-group reaction. [In the case of alde- 
Bx Чех and Ketones. conjugate addition competes with addition to the carbonyl group. (Мис = 
nucleophile: for example. in cyanide addition; H— Nuc = Н—СМ.) 


Q 
[ 
к=. GE CR 


| МИС 
в о сн=сн—С—ҥ + H—Nuc оши (37 87) 
OH 


R—ChH=CH—C—R 


IN Uc 


Lcarbeam ed addition | 


In the ease ol esters; conjugate addition competes with 2eéiecleephitic асу! substitution. 
() 
R—tH— GHs— C— Оч 


i Nuc 
Lconnaegate adadition! 
` 112. 48) 


(Y 


K —( H — (H — i- NN LC T МОН 


гаи ера аА substitution! 


When can we expect to observe conjugate addition. and when can we expect reactions al the 
carbon E carbon? 

Consider first the reactions of aldehydes and ketones, Relativels weak bases that give rv- 
versible carbons addition reactions with ordinary aldehydes and ketones tend to give vonju- 
vate uddition with a. -unsaturated aldehydes and ketones. Among the relatively weak bases 
in this category are eyanide топ. amines, торце ions, and enolate tons derived trom i B-dicar- 
bony | compounds. Conjugate addition is observed wiih these nucleophiles because rie селдее 
vate-caddition products are more stable than Hte carbonvi-addinon products. U carbonyl addi- 
оп 15 reversible—even if и occurs more rapidly then conjugate addition ean drain the 
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earbony] compound fram the addition equilibrium, and the conjugate-addipon. product is 
tormed ultimately. 


Faster Бан 
ros ГЫЧ | 
-—————— R -CHEeCH—C—R 
| 
CN 
carbonyl-addition kinet) product 
Hass stable 


i} 
Вау 


{} 


slave dul | 
1 


TEE ГАИ. А xs 
R—CH-—CHI—« 


R 


CN 
coniugale-addition (thermodynamic! product 
тоге stable! 


This. then. is another case of Ainetéc vern thermtedyadane control of a reaction (Sec. 5.401. 
The conjugate-addition product is the thermodynamic tmore stable? product of the reaction, 

The greater stability of the сопре тоа product ean be understood with à bond en- 
стеу argument. Conjugate addition retains a carbonyl group at the expense of a carbon-carbon 
double bond. Carbonyl addition retains a carbon carbon double bond ut the expense of a cur- 
bony] group. Because a C=O bond is considerably stronger than a C=C bond (lable 5.3. 
p. 2] 3. conjugate addition gives a more stable product. (Other bonds are broken and formed 
as well, but the major eflect is the relative strengths of the to Kinds of double Бот. These 
same factors are reflected in the relative heats of formation of the isomers allyl alcohol and 
propionaldehyde: 


H.C—CH —UCl1-—O0H H,;C—CH.—CGCll-—t0 (23.0601 
allyt alcohol propionaldehyde 
AH. 134 kJ mol! [89 kp mol 7! 
( 29,6 kcal mol! i | 422 kcal mol! 1 


As Eq. 12.89 suggests. carbon addition ts im mans cases the kinetically favored process: 
that is. ats Taster than conjugate addition, When nucleophiles are used that undergo irre- 
versible carbonyl additions, then the carbons! addition product is observed. rather than the 
conjugate addition produci. This is exactly what happens with very powerful nucleophiles 
such as ДАН and organolithium reagents: These species add irreversibly to curbony] eroups 
and torm carbonyl-addition products whether the reactant carbons | compound is e g-unsatu- 
rated or not. (These reactions are discussed further in Sees. 22.9 and 22.104.) 

Мапу of the same nucleophiles that undergo. conjugate addition with aldehydes and 
ketones also undergo conjugale addition with esters. In contrast. stronger bases that react Irig- 
versibly at the carbonyl carbon react with esters lo give nueleophitie aes | substitution prisl- 
ucts. Thus. hydroxide ton reacts with an e. B-unsaturated ester to give products of sapontfica- 
lion, a nucleophilic aevi substitution. reaction. because saponification i not reversible. 
Likewise, LIATH, reduces e B-unsaturated esters at the carbonyl group because the reaction of 
hydride ion at the carbonyl group ts irreversible. 

To summarize: Conjugate addition. usualy occurs with nucleophiles that are relatively 
weak bases; Stronger bases give irreversible earhons addition or nucleophile acy) substitu- 
tian reactions, 
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22.42 Give the product expected when methyl methacrylate (methyl 2-methylpropenoate) reacts 
with each of the following reagents. 
(a) CN und НСМ in MeOH 
ibi C.H,SH and NaOMe catalyst in MeOH 
(€) HBr 
(d) NaOH 


2243 Give а curved-arrow mechanism for each of the following reactions. 
(a) MeNH. + 2H.C-— СНСОО. Ме эк 


MveO;C— CH;CH;— N — CH;CH;— CO;Me 


Me 
(bi OQ 
HC 
: Маз н catalyst 
O + Ph—SH TET 
CH 
: O 
PhSH-C 
© (mixture of stereoisomers; why?) 
CH, 

(€) ЕС СОЕ ЕОС H 

N | ECNIH catalyst = 

C=C ———— нр 7. C=C 
/ x 
H Н Н СОЕ! 


Conjugate Addition of Enolate lons 


Enolite rans, especially those derived trom malonic ester derivatises, B-keto esters. and the 
like. underge conjugale-addition reactions with eB-unsaturaled carbonyl compounds, as in 
the lollowtng example: 
» 
| 
П C—CHLCILCH(COSEt), (22,91 
[65 -7 n viel] 


NO catalyst 


H=CH. - CH;(CO,Et), TET 


The mechanism of this reaction follows exactly the same pattern established for other nu- 
vleophilic conjugate additions: (he nucleophile is the enolate ien formed in the reaction of 
ethoxide with тех malonate (Eq. 22.634. p. £084). Notice that. in contrast to the Classen 
ester condensation (Sec. 225A). this reaction requires only a catalvtic amount of base. The re- 
action does nor rely on вото of the product to drive it lo completion, [b goes fa comple- 
Gian because a carbon-carbon z bond in the staring e. f-unsaturated carbonyl compound ts 
replaced by a stronger carbon-carbon er bond, 
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() СОЕ () СОЕ! 
NE "ed li [| Е yl 
!j4G—06C—UCIHI-——CH, =:СН ———JH HC —€C—UCH — СЕ H 
CO Et H СОЕ 
enelale j0n from di 


diethyt malonate 


у ЖАДИ 
(see Fa. 22,643, p. ТОКА 


| "CHO Et): 


i СО»Е! 


^COHGCOSEDS = H,C—C—CH;—CHS—CH 


ЕЕ. 5 


CO.Et 


Conjugate additions. of carbanions to e f-unsaturated. carbonyl. compounds are called 
Michael additions, after Arthur Michucl (1833-1942), à Harvard professor who investigated 
these reactions extensively, 

Proper planning is needed to use a Michael addition in a synthesis. The product of a given 
Michael addition might originate from two different pairs of reactants. For example, im the rg- 
action shown in Eq. 22.92. the same product (in principle) might be obtained by the Michael 
addition reaction of either of the following pairs of reactants (convince yourself of thts point): 


О.С i EO. () 
С=с; + Е or "EH + C= CH-—C—CH, 


i 
Lene Eton 


| ——————————— S A ар 
ha (bl 
Ul his is the pair used in Ta]. 22.92) 


Which pair of reactants should be used? To answer this question, use the result in Sec, 22.ВВ; 
Weaker bases tend to give conjugate addition, and stronger bases tend to give carbonyI-group 
reactions. Hence. to maximize conjugate addition. choose Hie pair of reactants with Hie less 
basic enolate iou—pair (b) in the foregoing example, 

In one useful variation of the Michael addition, called the Robinson annulation, the tm- 
mediate product of the addition can be subjected to an aldol condensation that closes a ring. 
(Ап unnulatton ts a ring-Forming reaction. from the Latin avieftes, meaning “ring. ) 


CH, | 


: . 3 : ЧЕ 
Шу те = Е 


() 
n а 
UOA MeOH 
с) Afu hoel анин 


S 
(14, 
CH.CH: | i 
a * hu 
(C, —() == д + 14.4) (PLY 
AWTS oT т 
eG " addo! onem 


163-65" vield j 


22.8 CONJUGATE-ADDITION REACTIONS 1099 


(Write the curved-arrow mechanisms of these reactions.) This type of reaction was named for 
Sir Robert Robinson (1886—1975), a British chemist at Oxford University who pioneered its 
use. (Robinson received the 1947 Nobel Prize in Chemistry for his work in alkaloids, which 
are discussed in Sec. 23.12B.) 


Study Problem 22.6 
— Outline a synthesis of tricarballylic acid from diethyl fumarate and any other reagents. 


us H 
| ? 
C=C — À» HO,C—CH—CH,—CO,H 
H СОЕ CH;— CO;H 
diethyl fumarate tricarballylic acid 
СЯ Solution Two of the carboxylic acid groups required in the target are already in place as the 
| ester units in diethyl fumarate. A Michael addition of some species that could be converted into a 
ET SUAE. pid —CH;,CO;H group is required. Notice that the desired product is conceptually a substituted acetic 
Equivalents acid: 
in Conjugate 
Addition 


НОС —CH — CH; — COH 


CH; —CO;H substituted acetic acid 


Recall that one way of preparing substituted acetic acids is the malonic ester synthesis (Sec. 22.7 À). 
A variation of the malonic ester synthesis can be employed here in which alkylation of the conju- 
gate-base anion of diethyl malonate is carried out by a Michael addition with diethyl fumarate 
instead of an 5,2 reaction with an alkyl halide. 


Eto sc H 
b / 
C=C 
РА X 
H СОЕ 
: diethyl fumara 
CH,CO,E), 08 CHICO Eth or BO;C—CH—CH;—CO;ft 
Michael addition 


ССО. Е), 


Saponification of all four ester groups, protonation, and decarboxylation should yield the desired 
tricarboxylic acid: 


1} NaOH 


a ah (bike, а “a -ino 
CH— CO,Bt 
СОЕ! 
HO,C—CH—CH,—CO,H —“*» HO,C—CH—CH,—COH + СО, 
CH—CO,H єн›—СО,Н 
CO,H 


ee MÀ — m—Y 'PJ/J/———M— 2 À— ue À—— = E = = J ч 
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PROBLEMS ee à À : 
22.44 Provide structures for the missing nucleophiles that could be used in the following 


transformations. 
(a) ©  CH;CH;COSH 
a | МаОЕ! HOt ЭЖ. en 
Y + H,C=CH—CN ROH Fen H,C—C—CH 
(excess) І 
CH;CH,COSH 
(bj : а Мао H;0* 
X + ET CO,Et ROH ear sista aes Ne = 
CH; СН; 


22.45 Give a curved-arrow mechanism for each of the following reactions. In each reaction iden- 
üfy the intermediate indicated by А or B. 


(a) 
CH=0O 
О | KOH 
+ н,с==сн—С—Сн, 94. А Ni 
(CoH 4407) 
Q 
| 
+ i 
О 
(b) O 
| NaOEt { ш ) Н.о? 
СЕЛО + H;C—C—CH-—GH, с?” 2 ——— —> 
О 
COSEt 


— — — REDUCTION OF a,B-UNSATURATED 
22.9 CARBONYL COMPOUNDS 


The carbonyl group of an a.B-unsaturated aldehyde or ketone, like that of an ordinary alde- 
hyde or ketone (Sec. 19.8). is reduced to an alcohol with lithium aluminum hvdride. 


HO H 
LiAIH, H40* | 
elher (22,941 


CH; 
(98% vield) 


This reaction, like other LiAIH, reductions, involves the nucleophilic reaction of hydride at 
the carbonyl carbon and is therefore а carbonyl addition. 

The reason that carbonyl addition, rather than conjugate addition, 1s observed follows from 
the discussion in Sec. 22.8B. Carbonyl addition is not only faster than conjugate addition but. 
in this case, is also irreversible. lt is irreversible because hydride is a very poor leaving group. 
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Because carbons | addition of LATH is irreversible. conjugate addition never has a chance to 
occur and is therefore not ohsers ed. 


an tu г: Lit 
^| А 
RCH=CH--C -R — ———— MH, + ROH СНС -— 
H--AIH, — [this step is H 
irreversible Su 


RCH=CH~ C—R + Lit, AU* salts 
H (72.95) 


In other words, reduction of the earbonyi group wih LiAIH, is a АйтенсиНу controlled 
reaction. 

Mans e. -unsaturated carbons! compounds are reduced bh NaBH, to give mixtures of 
both carbonyI-addition products and conjugate-addtlion products. Because mixtures are ob- 
tained. NaBH, reductions of a.B-unsaturated ketones are not useful. Why conjugate addition 
Is obsersed with NaBH, is not well understood, Although some cases of contugate addition 
with TATH, are known, this reagent usually reduces curbony! groups. including the carbons | 
uroups of esters, without affecting double bonds. 

The carbon. carbon double bond of an a. B-unsaturated carbon] compound can in most 
cases be reduced selectively by catalytic hydrogenation. (See also Eq. 19.32, p. 917.) 


(7 $ 
. | DP ann ‘ Е | 
Ph—C.H=Cll—t) Ph + Hi TET Ph—GRNSUCHS—tC— Ph 122.96) 
1,3-diphenyl-2-propen-l-one 1,3-diphenyl-1-propanone 


ЕАН \ weld | 


PROBLEM . | : 
ў 22.44 Show how ethyl 2-butenoate can be used as a starting material to prepare (a) ethyl butanoate, 
(b) 2-buten- | -ul. 


REACTIONS OF a,B-UNSATURATED CARBONYL 
COMPOUNDS WITH ORGANOMETALLIC REAGENTS 


A. Addition of Organolithium Reagents to the Carbonyl Group 


Oreanolithium reagents react with e G-unsaturated carbons |l compounds to vield products of 
carbonyl addition, 


IRS C) He OF 
(.—-CH—t.—CH, + РЇ ан ———- Н 00, Ju 
/ T | 
HC ER Ph 
4-methyl-3- penten-2-one 4-methyl-2-phenyl-3-penten-2-o] 


(mesitvl oxide) L6 78 n yield | 
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m T | 
| | DESH | А ҖЕ 
H-€ =i —С— ОСН, =ч 2 Bu— Li тин” E _ „ DNE c Bu (7 4S | 
| 
оң, Cll; Bu 
methyl 3-butyl-2-methyl-1-hepten-3-ol 
2-methylpropenoate (sau yield 


The reason сагроп addition occurs rather than conjugate addition (s the sume as in the case 
of Li Alli, reduction (See. 22.9): carbony] addition is more rapid than conjugate addition and 
IL 18 also irreversible. 

Because Grignard and organolithium reagents undergo many of the same types of reac- 
lions. Its reasonable to ask whether Grignard reagents also undergo carbonyl addition. Grig- 
nard reagents in many cases give mixtures of conjugate addition and carbons | addition. (The 
reason is discussed in Sec. 22.108.) Because both types of addition occur with Grignard 
reagents, organolithium reagents are used with o.-unsaturated carbonyl compounds when 
only carbonyl addition is the desired reaction. 


B. Conjugate Addition of Lithium Dialkylcuprate Reagents 


Lithium dialkvicuprate reagents (Sees. 11.4C and 21.10B give exclusively products of confi 
sate addition when they reuct with ee B-unsaturated esters and ketones, 


С) 
VT 
(СН ут Vit (2200) 
ил, FA 
2-cyclohexenone 3-methylcyclohexanone 


Gay" yield 1 


Even o.f-unsaturated aldehydes. which ure normally vers reactive at the carbonyl group, give 
all or mostly products of conjugate addition, especially at low temperature. 


OH 
ШР . Р (СН) uli Нэ? ЗЕ. ч. И . . | | 
ко==сп-——СОнН=о© — а Et ЫЫ —CH-—0 — Е == 1—С6Н (02 000) 
-50-€ | | 
CH; CH, 
5" of producti LSU o of product! 


TH total yield 


The faet that lithium dialkvlcuprate reagents undergo conjugate. addition might seem to 
contradict the notion that strong bases undergo carbonyl addition, However, there is good cy- 
idence that conjugate addition of lithium dialky leuprate reagents proceeds by а special mech- 

4 anism promoted by the presence of capper, and that this mechanism ts particularly favorable 

= lor conjugate addition; (See Further Exploration 22.4.) For our purposes. however, the reac- 

Сико Addition Gon can be envisioned mechanistically to be similar to other conjugate additions. The nucle- 

of Organocuprate ophilic reaction of an anion—1in this case the "alkyl amon” of the dialky кирги reagent—itt 
озна the double bonu gives à resonance-stabilized enolate ron. 
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^A 


R 


CHS CH—C—R ж 


Н C—Cu ^ CH 
Li* (Di 11+ Toka 
R—CH—CH—C¢ -R <—» RT GU—CH=CKR + CH Cu (22100 


CH; CH; 


enolate ien of the product 


When water is added to the reaction mixture, protonation of the enolate ion vives the 
conjugate-addition product. 

lt was noted in Sec, 22.9 that Grignard reagents react with e -unsaturaled carbonyl com- 
pounds to give mixtures of carbony addition and eonjugate-adudition products, Some chemists 
have theorized that the congusrate-addition products are due lo small amounts of transition mel- 
als known to be present in commercial magnesium. Indeed, certain transition metals are known 
to promote conjugate addition of Grignard reagents. In fact, ita Grignard reagent is treated with 
CuCl, magnesium organocuprate reagents are formed. and these give exclusively conjugate ad- 
dition like their lithium counterparts. 

To summarize: To carry out а carbenvi-udditioni reaction with an organometallie reagent, 
use an organolithium reagent. To сату ош a conigate-addition reaclion, use a lithium 
organocuprate Cor à Grignard reagent with added CuCl). 


PROBLEMS | ; Tem ; . f . ; 
22.47 Outline à synthesis of each of the following compounds from mesityl oxide (4-methyl- 
3-penten-2-one). Use an organometallic reagent in at least one step of each synthesis. 


(a) O ihi OH 
(CH,),CCH,—C—CH, (CHy),C=CH— CCI}. 
(с) CH; 


A GR I=C(CH,). 


CH; 
22.48 Complete the following reactions and explain your reasoninp. 
(a) 
| HjO* 
+ Мено — — ———* 
0) 


: Шаш 
(by H,C—Ce2C— CO,Me + Мехи —— E 


[1 equiv.) 


ORGANIC SYNTHESIS WITH 
22.11 CONJUGATE-ADDITION REACTIONS 


When ts a conjugate-addition reaction useful in an organic synthesis? One way lo think of this 
problem is that any group at the -position of a carbonyl compound tor nitrile) ean £n princi- 
ple be delivered as a nucleophile tn a conjugate addition. Hence, a conjugate addition can be 
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mentally reversed by subtracting a nucleophilic group from the 8-position of the target mole- 
cule, and a positive fragment (usually a proton) from the a-position: 


| О 
R—CH,—CH—C-—R' => “RZ, H?” + H;,C—CH—C-—R' (22.102) 


This approach is explored in the Study Problem 22.7. 


Study Problem 22.7 
Outline a preparation of 2-octanone by a conjugate-addition reaction. 


Solution Two groups are attached to the B-carbon of 2-octanone: a hydrogen and а butyl group 


(color). 
H РА O 
| | 


CH;CH;CH;CH;—CH —CH;—C-—CH; 
2-octanone 
One choice for the “К” group in Eq. 22.102 is a butyl group, which can be introduced as a “butyl 


anion" by the reaction of lithium dibutylcuprate with methyl vinyl ketone; the a-proton 15 pro- 
vided in the subsequent protonolysis step: 


: = ТЕЕ ЕЕ 4 H;O* : 

Lit (CH4CH;CH;CH;J;Cu- + H,C—CH—C—CH, ——- ————» 2-осќапопе (22.103) 
lithium dibutylcuprate methyl vinyl ketone 

Another choice for "R^" is the hydrogen. Although we've not considered any ways for adding 


"H^" in a conjugate addition (there are some!), a process with the same outcome is the hydro- 
genation of an a, -unsaturated ketone: 


О 
РЕР | Hz/catalyst . | | 
CH;CH;CH;CH; CH=CH ~E EB. шыш ;— 2-octanone (22. 104 ] 


The type of analysis illustrated here will be even more useful if you keep in mind the notion of 
"synthetic equivalents" m Study Guide Link 22.7. 


PROBLEM | ТЯ ; 
22.49 Show how a conjugate addition can be used to prepare each of the following compounds. 
1а), (b) 3,4-dimethyl-2-hexanone (2 ways) 


ici O С} (d) O O 


| | | 
H,C—C—CH,CH,CH,—C—OH HC—C—CH;CH,—C— OH 


levulinic acid 
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А great many of the reactions discussed in this chapter can be used to form carbon-carbon 


honds. 


|. aldol addition and condensation reactions (Sec. 22.4) 

2. Claisen and Dieckmann condensations (Sec. 22.5) 

3, malonic ester synthesis (Sec. 22,7A) 

4. alkvlation of ester enolates with amide bases and alkyl halides or tosylates (Sec. 22.7B) 

5. acetoacetic ester synthesis (Sec. 22. 7C) 

6. conjugate addition of cyanide tons (Sec. 22.8A) and enolate ions (Sec. 22.8C} to 
a, B-unsaturated carbonyl compounds 

7. reaction of lithium dialkyleuprates with a, B-unsaturated carbonyl compounds 


(Sec. 22.1 0B) 


(A complete list of methods for forming carbon—carbon bonds is given in Appendix Vi.) Their 
utility For carbon-carbon bond formation accounts in large measure for the importance of 


these reactions in organic chemistry. 


KEY IDEAS IN CHAPTER 22 


Hydrogens on carbon atoms a to carbonyl groups 
and cyano groups are acidic. lonization of these hy- 
drogens gives enolate ions. 


Most carbonyl compounds with a-hydrogens are in 
equilibrium with small amounts of enol (vinylic alco- 
hol) isomers, Generally, carbonyl-enol equilibria favor 
the carbonyl compounds, but there are important ex- 
ceptions, such as phenols and f3-diketones, in which 
enol isomers are the major forms. 


The equilibria between carbonyl compounds and 
their enol isomers are catalyzed by acids and bases. 


Enolate ions can act as nucleophiles in a number of 

reactions. Enolate ions can 

1. undergo a-halogenation (haloform reaction) 

2. add to carbonyl groups (aldol addition and 
condensation) 

3. act as nucleophiles in carbonyi-substitution reac- 
tions (Claisen and Dieckmann condensations) 

4, react with alkyl halides (enolate alkylation, as in 
the malonic ester synthesis and the acetoacetic 
ester synthesis) 

5. add to a, B-unsaturated carbonyl compounds 
(Michael addition). 


Е 
REACTION |: REVIEW 
Guide and Solutions Manual. 


т Enols of aldehydes and ketones undergo a-halogena- 


tion and aldol condensation reactions in acidic solu- 
tion. 


The aldol addition and the Claisen condensation are 
reversible reactions. The aldol addition is generally 
favorable for aldehydes, but unfavorable for most 
ketones. It can be driven to completion by dehydra- 
tion of the addition product, a B-hydroxy carbonyl 
compound. The Claisen condensation is driven to 
completion by ionization of the product. 


Two types of addition to с, -unsaturated carbonyl 
compounds are possible: Addition to the carbonyl 
group and addition to the double bond (conjugate 
addition, or 1,4-addition). When carbonyl addition is 
reversible, conjugate addition is observed because it 
gives the more stable product. When carbonyl addi- 
tion is irreversible, it is usually observed instead be- 
cause it is faster. 


Reactions closely resembling enolate condensations 
are observed in living systems. Many such reactions 
employ acetyl-CoA as a starting material. 


For a summary of reactions discussed in this chapter, see Section R. Chapter 22, in the Study 
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ADDITIONAL PROBLEMS 


22.50 Give the principal organic product expected when 3- 
buten-2-one (methyl vinyl ketone) reacts with each of 
the following reagents. 

(a) HBr 

(b) H., Pt (саг) 

(c) LiAIH,, then H,O 

(d) HCN in water, pH 10 

(e) Et,CuLi, then H,O* 

(f) diethyl malonate and NaOEt, then H,O* 
(2) ethylene glycol. НСІ (cat.) 

{h} 1,3-butadiene 


22.51 Give the principal organic products expected when 
ethyl trans-2-butenoate (ethyl crotonate) reacts with 
each of the following reagents. 

(a) CN in ethanol, then H,O/H,O*, heat 
(b) Me,NH. room temperature 

(c) NaOH, Н.О, beat 

(d) CH,Li (excess), then H,O* 

(e) H,. catalyst 

(f) 1,3-cyclopentadiene 


22.52 Give the structure of a compound that meets each 

criterion. 

ia) an optically active compound C.H,.O that racem- 
izes in base 

(б) an achiral compound C, Н.О that does not give a 
positive Tollens test (Sec. 19.14) 

(стап optically active compound C,H,.O that neither 
racemizes in base nor gives a positive Tollens test 

(d) an optically active compound C,H,,0 thal gives a 
positive Tollens test and does not racemize in base 


22.53 Give the structure of a compound that meets each 
criterion. 

(a) a compound С.Н,О that gives a 2.4-DNP 
derivative (Table 19.3. p. 928) and a positive halo- 
form test 

(b) a compound C,H,O that gives a 2.4-DNP 
derivative but a negative haloform test 

(ета compound CHO that gives a positive haloform 
test, but gives no 2,.4-DNPderivative 

(d) a compound C,H,O that gives neither a 2.4-DNP 
derivative nor a positive haloform test 


22.54 Each of the following compounds is unstable and ei- 
ther exists as an isomer or spontaneously decomposes 
to other compounds. In each case, give the more stable 


isomer or decomposition product and explain. 
(a) HiC— C=C OH 
(Б) О 


Q i} 
{с} OH 


IC —CH—O—GH—CH—GH,; 
22.55 (a) Draw the structure of the conjugate base of each of 


the following compounds. What is the relationship 
between the two conjugate bases? 


О ОН 
Н 
А В 
(b) Which compound is more acidic? Use an energy 


diagram to explain your reasoning. 


22.56 (a) Show that the two following compounds have the 
same conjueate base. 


O—H O 
scan 
2 4 E 
Het coh CMS 
А Н 


(b) Which compound ts more acidic? Explain your 
reasoning using an argument invoking Ше relative 
free energies of A and В. 


22.57 Which compound in each of the sets shown in 
Fig. P22.57 is most acidic? Explain. 


22.58 Arrange the following compounds in order of 
increasing acidity and explain. 
(ljisobutyramide (2) octanoic acid 
(3) toluene (4) ethyl acetate 
(5) phenylacetylene (6) phenol 


22.59 (a) Give the structures of the three separable mono- 
bromo derivatives that could form when 2-methyl- 
cyclohexanone is treated with Br, in the presence 
of HBr. 


22.60 


22.61 


22.62 


ib) [n fact, only ene of these derivatives is formed. 
Assuming thal this derivative results from bromi- 
nation of the more stable enol, predict which of 
the three isomers in part (a) is formed, and explain 
your choice. 


When 1.3-diphenyl-2-propanone is treated with Br. in 
acid, |, 3-dihromo-1,3-diphenyl-2-propanone is ob- 
tained in good yield. On further characterization, how- 
ever, this product proves lo have a very broad melting 
point (79-87 °C), a fact suggesting a mixture of com- 
pounds. Account for this observation. 


When acetoacetic acid is decarboxylated in the presence 
of bromine, hromoacetone ts isolated (see Fig. P22.61). 
The rate of appearance of bromoacetone ts described 
bv the following rate law: 


rate = k[acetoacetic acid] 


(The reaction rate is zero order in bromine.) Suggest a 
mechanism for the reaction thal is consistent with this 
rate law, 


Account for the fact that treatment of 1,3-diphenyl- 
| .3-propanedione with 1, and NaOH gives a precipitate 


(a) ? Г n n 
CH4CCH;CCH,, ыа ER 
Ph 
ih) D 


| 
H.C—CHCH,—C—CH, or 


Figure P22.57 


О 


| ГАМ 
———— 


| 
H4C—C-——CH;—C-—OH + Br, 
acetoacetic acid 


Figure P22.61 


O 
Н 


NaOCH CH iH 
298 — — — — 


Figure P22.64 


22.63 


22.64 


UT 
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of iodoform even though il is not a methyl ketone. Be- 
sides 10doform. the other product of the reaction, after 
acidification. is two equivalents of benzoic acid. 


Indicate which hydrogens are replaced by deuterium 


when each of the following compounds is treated with 
dilute NaOD in a large excess of CHOD. 
(a) Q) 

H 


ri [| 
NH —C— Ph 


A 
(b) О 


| 


When compound A in Fig. P22.64 ts treated with 

NaOCH, іп CH,OH, isomerization to compound В 

OCCUrs, 

(a) Give a mechanism for the reaction. and explain 
why the equilibrium favors compound В. 

(hb) Explain why, when compound C is subjected to the 


same conditions, no isomerization occurs. 


| | 
CH;CCH;CCH;Ph 


O 


| 
CH;CH;CH; —C—CH,; 


H4C—C— CH; — Br + HBr + CO. 


bromoacetone 
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22.65 In either acid or base. 3-cyclohexenone comes to equi- 
librium with 2-eyclohexenone: 


О О 


acid or base 
m —Á 


(a) Explain why the equilibrium favors the a, B-unsatu- 
rated ketone over its B, y-unsaturated isomer. 

(b) Give a mechanism for this reaction in aqueous 
NaOH. 

(c) Give a mechanism for the same reaction in dilute 
aqueous H,8O,. (Hint: The enol 1,3-eyclohexa- 
dienol is an intermediate in the acid-catalyzed 
reaction. ) 

(d) Is the equilibrium constant for the analogous reac- 
tion of 4-methyl-3-cyclohexenone expected to be 
greater or smaller? Explain. 


12.66 In 3-methyl-2-cyclohexenone the eight hydrogens Н". 
H^. Н", and Н” can he exchanged for deuterium in 
CH,O /CH,;OD. 


H it 
H tl 


CH, 
H! H” 

(a) Write curved-arrow mechanisms for the base-cat- 
alyzed exchange of hydrogens Н". H‘. and H“. 

(b) Explain why hydrogen H^ is much less acidic than 
hydrogens Н“, Н", and Н“, even though it is an a- 
hydrogen. 

(c) Although hydrogen H^ is not unusually acidic, il 
nevertheless exchanges readily in base. Write a 
mechanism for the exchange of H^. (Hint: Consider 
the equilibrium in Problem 22.65.) 


22.67 (a) Compound А, y-pyrone, is usually баяс with a 


conjugate-acid pK, of —0.4. The pK, of the conju- 
gate acid of compound B, in contrast, is about —3. 


(a) 
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о О 
ш 
О О 
^ б 
y-pyrone 


Draw the structures of the conjugate acids of both 

molecules, and explain why A 15 more basic than 8. 
(b) Tropone reacts with one equivalent of HBr to give a 

stable crystalline conjugate acid salt with a pK, of 

- (0.6. which is considerably greater {that is. less 

negative) than the pK, values of most protonated 

a. B-unsaturated ketones. Give the structure of the 

conjugate acid of tropone, and explain why tropone 

is unusually basic. 


O 


tropone 


12.68 (a) The resonance structures shown in part (a) of Fig. 
P22.68 can be written for an @,8-unsaturated car- 
boxylic acid. Would this type of resonance interac- 
tion increase or diminish the acidity of a carboxylic 
acid relative ta that of an ordinary carboxylic acid? 
Explain. 

(b) Consider the pK, data given in part (b) of 
Fig. P22.68. Show how these data are consistent 
with the polar effect of the double bond and with 
the resonance effect in part (a). 


22.69 (a) The pA, of 2-nitropropane is 10. Give the structure 
of its conjugate base, and suggest reason(s) why 2- 
nitropropane has a particularly acidic C—H bond. 


' + 
Qr 


2-nitropropane 


ae, T 
R—CH=<CHY C—OH —_—> a oer 
(b) HC H 
H;C—CH-—CH,;— CO.H =C CH,CH,CH,;—CO,H 
рКа = 4.37 COH pka = 4.87 
pK, = 4.70 


Figure P22.68 


(b) When the conjugate base of 2-nitropropane is pro- 
tonated, an isomer of 2-nitropropane is formed. 
which. on standing. is slowly converted into 2-ni- 
tropropane itself. Give the structure of this isomer. 

(c) Whal product forms when 2-nitropropane reacts 
with ethyl acrylate (H.C—CH— CO,Et) in the 
presence of NaOEt in EtOH? 

22.70 Crossed aldol condensations can be carried out if one 

of the carbony] compounds is unusually acidic. 

(a) Give the structure of the e. f-unsaturated carbonyl 
compound that results from the crossed aldol con- 
densation of diethyl malonate and acetone in 
NaQEt/ EtOH. 

(b} Explain why the aldol condensation of acetone 
with itself does not compete with the crossed aldol 
condensation in part (а). 

(c) Outline a sequence of reactions for the conversion 
of the product from part (a? into 3.3-dimethylIbu- 
tanoic acid. 


[Identify the intermediates A and B in the transformation 
shown in Fig. P12.71, and show how they are formed. 
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22.72 Explain the following findings. 

(а) One full equivalent of base must be used in the 
Claisen or Dieckmann condensation. 

(b) Ethyl acetate readily undergoes a Claisen 
condensation in the presence of one equivalent of 
sodium ethoxide. but phenyl acetate does not un- 
dergo a Claisen condensation in the presence of 
one equivalent of sodium phenoxide, 

(c) Although the aldol condensation can be catalyzed 
by acid. the Claisen condensation cannot. 

22.73 A student. Cringe Labrack. has suggested each of the 

faulty synthetic procedures shown in Fig. P22.73. Ex- 

plain why each one cannot be expected to work. 

22.74 When 2.4-pentanedione in ether is treated with one 

equivalent of sodium hydride (NaH). a gas is evolved 

and an ionic compound A is formed. 

(a) Give the structure of A. Which atoms of A should 
be nucleophilic? Explain. 

(b) When A reacts with СН], three isomeric 
compounds, В, C. and D (C,H 40). are formed. 
Suggest structures For these compounds, 


CH, 


NaUikt | 
ЕК —CH —0 H;C—CH—C—C€3Hs НС 
(excess) K* СНА 07 p KOH | 
А Н; 
O : О 
Н 
Figure P22.71 
мао Ha es _ с Nae PhB CN 
(a) CHCH,CO,Et — 5 ——ÀÀ» (CHhEHCO, E (b) СН СОЕ): 7 Tæ Ph—CH(COSEU, 
(C) OH 
| : HOt Е - 
CH4CHCO;Et Em rS H.C-—CH —CO,Et 
(d) Рг} (cat. OH CH; 
TA, Yr Вг; Ме I CHiCH—O 3 
CH,CH.CO.H ether T Hor H4C— CH —CH — Сон 
(e) | | 
OHT 
CH3CH; — C — CH; + HiC—CH —— НС —CH-—CH —C—CH;CH; 
(Г) O Q 
| b- 
+ Br. AllBr: (cat! Q 


Figure P22.73 
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23.78 Propose syntheses of each of the tollowing compounds 


from the indicated starting materials and any other 


reupenis. 
(a) 3-eihvleyelopenianol from 2-evclupentenone 
(hb) 1,3,3-trimethiyleyclohiexanol fram 

3-meths I-2-cveloliexenone 


(c) Z-hbenzyteetehexanone from EtO.COCH. 1 CO,Et 


(dy 2, 2-dimeths l- 1.3-propanediol from cieths | 


тип? 


(e) HONCH.CH,CH.CH,OH trom ethyl acrylate (ethyl 


J-propenoeate i 


(1 C.H 


N——CH:CH:CH-NH. from aervlonitrile 
/ 


C.H, 


(a) 2-phenvIbutanoiec acid from phenylacetie acid 


tprepenenitrile: 


(Do not use branched amide Bases: see Eg. 22.58 


on n. [0773 
(hi F3-diphens]-I-butanone from acctophenone 


(i) Od 


Ph—CH—CIT.—Ph strom phenylacetic acid 


(К) C) 


ib) i} 
| 
CHj4CH-CH-:CH:CCHCH CH CH; 


CH; 


i) 
CHACOEU. + (CH, GC CH —UC— CH, 


mesity] oxide 


Figure P22.76 


1 [rom acet | 
Мөге 


irom diethyl 
| malonate 


NEN T 
En uH 
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22.76 A usclul diketane, d/medene, can be prepared m weh 


DI Fr, 


LUN. 


Гы 
ы 
-1 


yield by the synthesis shown in Fig. P2276, Provide 
structures for both the intermediate A ta Michael- 
addition produet) and dimedone, amd sive a curved- 


агалуу mechanism for each step up to compound А. 


When the diethyl ester of a substituted malome acid is 
treated with sodium cthoxide amd urea. Veronal. a Par- 
Aiturete, vs farmed wee Fis, P2277 5, ( Barbiturates are 
hypnotic drugs: some are actively used in modern 
anesthesia Using the eurved-arrow notation, eive à 


mechanism for the Veronal synthesis. 


Using a reaction similar to the one in Problem 22.77, 
outline a synthesis of pentetal fram dieths | malonate 
and any other reagents. (The sodium salt et penrothal 
is à widely used injectuble anesthetic. i 

СО], 


| l o 
нане. CH 


З | 
ни >H 
т аа 
Ii 
pentothal 


When the epoxide 2-vinvloxirane reacts with Hihium 
dibuts leuprate. followed by prolonolysis, a compound 
A 18 the mayor product termed, Oxidation of А with 
РСС yields B. a compound that isses a positie Tollens 
test and has an intense UY absorption around 215 nm. 
Treatment of B with Ag.O. followed by catalytic hydro- 
genalion, gives oetanoie acid. Identify A and B. und oul- 


[ime a mechanism for the formation of à. 
i 
E Ee лы 
I 4L—CH—€CII—€IH. 


2-vinyloxirane 


“uk y [uu 

Ft IH 
() 

NaOH Hyer . 
TNT dimedone 
() 

CO FI 
Б 
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22,80 Using the curved-arrow notation, provide mechanisms 22.8] Complete the reactions given in Fig. P22.81 on 
for each of the reactions given in Fig. P22.80 p. 1112 by giving the major organic products. Explain 
your reasoning. 


O Et O 


| Iun ud Кузе Я 
ны С— n+ Rogie 828 Е 


ЕНН 


urea lt 


Veronal, barbital 
(a barbiturate) 


Figure P22.77 


ial ү 
НАС C—CH, 


Коо 
-A 


OH 
O 


(90% yield) 
(€) Br — CH — COCH, СОСН; (di D 
ME Y CO,Et 
(СН); + 2МаН —pur* Cr | МОЕ! Н.о, НО” 
| COCH 2 heat 
— (CH —CO.CI ып, 
Br CH COCH, CO,Et 
О 
(el 
acid 
wi o 
| 
ur Tn 
СОЕ У нү T 
| NaOE H,0* е Г. n 
CO, Et + ,С—С—СН; ———M ———>» НОС. — „C—CO,H 
2“ 
chelidonic acid 


Figure P22.80 
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(a) n С) 
| NaWEl ! excess Н 02+ ы 
H,C—C—CH,—C—OEt + ВСН) Вг — hor Е CHO) 
(0) it HECH: EHAN: ‘Hal 
y-butvrolactone BEDAE [CHI CH s LL PN 


(с) €l 
NO. 
* А 
+ Nat SCH(COE), —» Stet 
(d) О 
| 
C—CH, 
1) LiAlH, 
21 Hat 
(e) CH, 
dem NaOE 
СОЕ + CHCHICO: Eth 5 
(f) i 
esce EOT H;0* 
H,C—C—CH,—CO,Et + H-C=CH— COE — A „Ыз; 
(u) 
ес 
"i Mg, CuBr HaO* 
ССН): СН SS Ss ИСМ + HO 
тн x benzene 


О 
(Hint: Grignard reagents treated with CuBr or CuCl react like lithium dialkylcuprate 
reagents: see Sec. 22, OB.) 


(hi CH, НС 
а m цу (Give the stereochemistry 
C — MgBr De Ee ofthe product and explain; 


see the hint for part {g).) 


Н.С 


(1) 


=? | 
+ Ph—CH=CH—C—Ph = НЕ V. ымы е ы) 


(]) 
` ч Pd[Ptr-Buja|, catalyst у", 
мос )-в + CH3(CO Et), + NaH зезам De IER, 


Figure P22.81 
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22.82 A biochemist, 5al Monella, has come to you to ask (a) When the terpene pulegone is heated with aqueous 
your assistance in testing a promising biosyntheuc hy- NaOH. acetone and 3-methyleyclohexanone are 
pothesis. She wishes to have two samples of methyl- formed. 
succinic acid specificially labeled with С as shown in CH, 


the following structures. The source of the isotope. for 
financial reasons, is to be the salt Na"CN. Outline 
syntheses that will accomplish the desired objective. 


(al {у С) 
Dome ^ d 
HO—C—CH —CH; —C—OH pulegone 
жыз (b) О С) 
(b с) OQ " 
mt ee он 
НОС СН —CH;—C—OH Hx 
Д OH 
CH, С) 


22.83 The reversihility of the aldol addition reaction is а 22.84 Using the curved-arrow notation, provide mechanisms 


major factor in each of the following problems. Pro- for each of the reactions given in Fig. P22.84. 
vide a plausible curved-arrow mechanism for each 


transformation. 


(а) О 


з Мас JT 
Не ссн — Gosek Ф. рЫ — 9 M S 


PhC—CH;—CO,SEt + CH,COSEt. (removed as it is formed in the first reaction) 


(b) O 
ZEN. 7 
s Я Мао NaOH Н.О), НО 
CH,(CO,Et), + РҺЬСН—СН, с — oe == (D. 0 
Ph Ph 
© CH, CH; О 
| Hg^*, Н50, ~ > 
Hü-L-—5p-6—C0—üH —— o» ни CH, 
| : ? О 2 
CH; CH; НУС. CH. 
id Q © 


H0, HíO* 


| | 
PhO—CH=CH—C—CH, O==CH—CH,—C—CH, + PhOH 


(е) О) 
1) но, “OH 


| 
Cy = ЕЕ yr 
2) H-0., H3O* CH—CH;—C— —CH; + PhOH 


| 
PhO—CH=CH—C—CH; 


Figure P22.84(a)-(6) ( Figure continues on next page) 
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22,85 Outline curved-arrow mechanisms for cach of the 22.87 Ethyl] vir d ether. C.H.O-—CH-— CH... hs drols zes in 
known transformations shown in Fig. P2284 that eam weakly acide water to acetaldehs de and ethanol. 
be used to form three-membered rings. 4 Part dit} is an Under the same conditions, dieihis] ether does not hw- 
example of the Darzens givcidic ester condensation.) droly ze. Quantitat e coarparrsons of the hydrolysis 
rales of the two ethers under comparable conditions 
22.86 Treatment of (5)-( - )-5-meths I-2-cx elehexenone with show that ethyl vinyl ether hydrolyzes about HO" Himes 
lithium dimethylcuprate vives, after protomalysis, it faster than diethyl ether, The rapid hydrolysis of etis] 
good yield of a mixture containing mostly a dexitroro- vinyl ether suggests an unusual mechanism for this 
tatory ketone А and а trace of an optically inactive iso- reaction. The acetaldehyde formed when the 
mer B. Treatment of A with zine amalgam and HCI al- hyalrolysis of ethyl vinyl ether is carried out in 
fords an optically active, dextrorotatory hydrocarbon D.O/D,O* contains one deuterium in its methyl group 
C. Identify А, В, and С, and give the absolute stereo- (that i, ОСН. СН}. Suggest а hydrolysis mech- 
chemical configurations of A and C. anism for ethyl vinyl ether consistent w ith these Facts. 


(Нин: IN he ethers are also called enet ethers, Where 
de enol protonate? See bay. 32,1 7h on p. 1036.) 


i OH (з 
| Kx | 


Ph—CH-——CH-—CH CH, gem Ph ССТТ 


(g) | O IES 


ON 
; СӘСИ. -Ih—MH—OH ж А ж T C—O (Шешу A.) 
H4C С ч 0 
ihe 


H 
ih) i} i} 


|, 
H,C—CH=CH—C—c] + МОП — н—сн—ынН.——Ош 


Cl 
(i) | oH 9n E d equis 
x = ? : - - » - za IE uos Н ЛЇЇ | : - 
Ph(CH;);CH=O + хас єн vom — A ШИШКЕ 
ПЕТ І : : я 
CHGS 
(i) О () 
"mu CO,Me A 
см LEO, HUY Е 
\ i et 
^ heat \ / 
CHCOOH 
(К) 
z Непа == На Н 
О + РР: — \ Se rm 
CHCU 
/ Eo ai 
EHEH UH H AS: + PhP — iNT 
. x 


ч 
CO. 


Figure P22.84(f)-(k) 


212.88 Bearing in mind the hydrolysis reaction discussed in 
Problem 22.87, predict the final product of the reaction 
sequence shown in Fig. P22.88, 


22.89 In early 1999, chemists from Tohoku University in 


Japan reported that they had achieved the transforma- 
tion shown in Fig, P22.89. [n this equation, В: is a 


(а) C} 


| 
Ph—CH-—O + Br—CH;—C —OEt 


(b) 


HC —C—CH4CH;CH; — 0С + KOH ж 


Figure P22.85 


CHOC +k —— — 


Figure P22.88 


С) 
CH;CH;CH; H з,” 
/ ——= 
C=C 


Н CO;.Me 


Figure P22.89 
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base strong enough to form enolate ions. Write a 
curved-arrow mechanism for this transformation. 
(Hint: Show the correspondence between atoms of the 
product and atoms of the starting material; decide what 
new connections have to be made; and then propose 
reasonable mechanisms to make these connections. ) 


С) 
м 
Bh—CH—CH —C —GOEt + Ebr 


(mixture of stereoisomers} 


CH, 


| is 
IC ссий cu, 


(77-8396 yield) 


cyclohexanone HOt, HO 
— ie lle ee ee e 


СО Ме 


1116 


The Chemistry of 
Amines 


Amines are organic derivatives of ammonia in which the ammonia hydrogens are replaced by 
alkyl or aryl groups. Amines are classified by the number of alkyl or aryl substituents 
(К groups) on the amine nitrogen. A primary amine has one substituent; a secondary amine 
has two; and a tertiary amine has three. 


R 

NH; R—NH: R—NH—K R—N—R 

ammonia primary amine secondary amine ternary amine 
Examples: 
IT 
(СН — NH; C.H;— NH — С.Н; C)H4— N — Н 
ethylamine diethylamine triethylamine 
(a primary amine) (a secondary amine) (a tertiarv amine) 


(This classification 15 like that of amides; see Sec. 21. 1E.) It is important to distinguish he- 
tween the classifications of alcohols and amines: alcohols are classified according to the num- 
ber of alkyl or ary! groups on the a-carbon, but amines (like amides) are classified according 
to the number of alkyl or aryl groups on nttrogen. 


| one alkyl group | 


CH; CH; on the nitrogen 

| ай | 
Hí — C — OH pom 

| = the a-carbon has 

CH; three alkyl branches CH; 


à primary amine 
(even though the 
a-carbon is tertiary) 


a tertiary alcohol 
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The reason tor the differenee m the classification of amines and alcohols is that the substitu- 
поп etf the OH hydrogen of an alcohol by an alKs Lor aryl group results in a different functional 
geroup—an ether. [n contrast, substitutions of the hydrogens of amines uive other amines. and 
à мау is needed to classis amines bs their degree of nitrogen substitution. 

Besides amines. this chapter also. considers. breth seme other. nitrogen-containing 
compounds that are formed from. or converted into, amines: quaternary ammonium salts, 
azobenzenes, diazonium salts. ашу] azides, amd nitro compounds. 


NOMENCLATURE О 


A. Common Nomenclature 


In common nomenclature. an amine is named by appending the suffix amine to the name of 
the alkyl group, the name of the amine ts written as one word. 


C HzNH: ССНМ 
ethylamine trimethylamine 


When (voor more alks | groups in a secondary or terian amine are different. the compound 
Is famed as an V-substituted derivative of the larger group. 


/ 
НЫ СНОН Garni A 


N, N-dimethylbutylamine 
N-ethylcyclohexylamine 


This t» pe of notation is required to indicate that the substituents are on the amine nitrogen and 
not en an alkyl group carbon. 
Атат amines are named as derivatives of aniline, 


OLN 


ri В 
( Му uH, NT O 


anilinc 3-nitroaniline N-ethylaniline 
(iri nitroaniline) 


B. Substitutive Nomenclature 


Because the IUPAC system for amine nomenclature is not logically consistent with IUPAC 
nomenclature of other organie compounds. the most widely used system of substitutise amine 
nomenclature is that of Chemical Abstrects cp. 661. [n this system. an amine is named in much 
the same wip as the analogous alcohol, except that the suffix emine is used. 


OH NHI. 
CHi;CHCHCH-CH; _ CH SCHCH-CILCH, Wa ш. 
2-pentanol 2-pentanamine 


N-methylcyclohexanamine 
HN —CEESCIHEBGOH-CH:CH:— МИ. Не: NH—CH-CH ACH, — NH —€.H5 


1,5-pentancdiamine N-ethyl-N-methyl-[,3-propanediamine 
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In diamine nomenclature, as in diol nomenclature. the final e of the hydrocarbon name ts re- 
tained. In the lust of the preceding examples. the prime is used to indicate that the ethyl and 
methyl groups are on different mitrogens. 

The priority of citation of amine groups as principal groups is just below that of alcohols: 


i) С) {) 


| | 


| 
— C— ОН tearboxyhe acid > — С —H (aldehvde) — C — i Ketonel > —OH > —NR, i 
and derivatives! RH. alkyl, 


ar andi 


(A complete list of group priorities is given in Appendix L} 
When cited as a substituent, the — NH. group is called the amino group. 


H.N—UCH.CH.—OH Н.м CH, —CII—CH, 


2-aminoethanol 2-propen-[-amine 
OH has priority) (NH > has priority? 
CH, 
| 
CIH,NCH;CIHIECHCH:CH:CI {Ным —CHACHSCH-— 014 


CH, 3-(dimethylamino}-1-propanol 


5-chloro-N-ethyl-N,3-dimethyl- 1-pentanamine 


Ап № designation in the last example is unnecessary because the position of the methyl groups 
is clear from the parentheses. 

Alihough Chemical Absrracrs calls aniline benzenamine, the usual practice is to use the 
common name antinen substitutise nomenclature. 

The nomenclature of AererocvefHie cemproiunds was introduced in Sec. 8.1C £n the discussion 
of ether nomenclature, Мапу important nitrogen-contaming. helerocvelie compounds are 
known by specitie names that should be learned. Some important. saturated. heteroeyelte 
amines are the following: 


Q 

p Y FX n 
B Ae A 
№ N4 N 
H H 1] -— 
aziridine 

piperidine morpholine pyrrolidine 

As inthe oxygen heterocvelies; numbering generally begins wilh the heteroatom. The follow- 


ing are examples of substituted deris atives: 


COH 


CH, | H 
2-methylaziridine " 3-pyrrolidinecarboxylic acid 


N-ethylmorpholine 
(4-ethylmorpholine) 
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To a useful approximation, much of the chemistry of the saturated heterocyclic amines par- 
allels the chemistry of the corresponding acyclic amines. There are also a number of unsatu- 
rated aromatic heterocyclic amines. Among these are pyridine and pyrrole, which were con- 
sidered briefly in Sec. 15.7D. The chemistry of the aromatic heterocycles, which is quite 
different from that of their saturated counterparts, is considered in Chapter 25. 


AGEEEMS 23.] Draw the structure of each of the following compounds. 


(a) N-isopropylaniline (Б) tert-butylamine 
(c) 3-methoxypiperidine (4) 2,2-dimethyl-3-hexananune 
(e) ethyl 2-(diethylamino)pentanoate — (£) N,N-diethyl-3-heptanamine 


23.2 Give an acceptable name for each of the following compounds. 


(a) „М ' (6) СН (с) 
"(^ СОЕ) 
СН ОМ М 


3 
` CH; 


(d)CH49NHCHCH,CH,OH (е) CH,CH.CH, 


+ 


CH; 1 К 
М 


| 
CH,CH,Cl 


23.2 STRUCTURE OF AMINES 


The C—N bonds of aliphatic amines are longer than the C—O bonds of alcohols, but shorter 
than the C—C bonds of alkanes, as expected from the effect of atomic size on bond length 
(Sec. ].3B). 


bond: C—C (—N C—O A. 
typical length: — 1.54 À 1.47 À 1.43 À 1.39 А 


Aliphatic amines have a pyramidal shape (or approximately tetrahedral shape. if the electron 
pair is considered to be a "group" ). Most amines undergo rapid inversion at nitrogen, which 
occurs through a planar transition state and converts a chiral amine into its mirror image. (See 
Fig. 6.17, p. 256.) 


^w уь, t 


L a ^ Ad 
NEC: АНСЫ rou ОН 32 
"ud P | | 9 aL. 2) 
HC IAS GH” A ^ 
чо \, | 


transition slate 


Because of this rapid inversion, amines in which the only asymmetric atom is the amine nitro- 
gen cannot be resolved into enantiomers. 


1120 CHAPTER 23 * THE CHEMISTRY OF AMINES 


The € -N bond in aniline, with a length of 140 A, ts shorter than the C— N bend in 
aliphatic amines. This reflects both the р” hybridization of the adjacent carbon and the over- 
lap of the unshared electrons on nitrogen with the q-electron system of the ring. This overlap. 
shown bs the following resonance structures, gives some double-bond character to the C— N 
bond. 


Rune o a 0 + + 
М -NII -—X— — MÀ (d s e — Àáe- eC e ——— C nm RENT 
= C ML | 


PROBLEM ес | . а. 
| PROBLEM | 23.3. Within each set, arrange the compounds in order of increasing C—N bond length. Explain 


yOUF answers. 
(а) p-nitroaniline. aniline. cyclohexylamine 
ib) HN—CH. HLC—NH, Ссн NH- 


А Н Es 


— 


— = 


3.3 -PHYSICAL PROPERTIES OF AMINES 


ШЕЕ: 


3. 


= 


Most amines are somewhat polar liquids with unpleasant odors that range from fish to putrid. 
Primary and secondary amines, which can both. donate and accept hydrogen bonds. have 
higher boiling points than isomeric tertiary amines, which cannot donate hydrogen bonds, 


CH, 
| 


CHACEACHCH, CIACH-NCCHals О (CH CH2IENH | CH ACUILACH CH-NH, 


isopentane ethyldimethylamine diethylamine butylamine 
boiling point: 318 4 MSS NN бт E 
dipole moment: p 5] жле 14.13 


The tact that primary. and secondary. amines can both donate and accept hydrogen bonds 
also accounts for the fact that they have higher boiling points than ethers. On the other hand. 
alcohols are better hydrogen-bond donors than amines because alcohols are more асин than 
amines. (See Sec, 23,5 D.) Therefore. alcohols have higher boiling points than amines. 


(СУНАН AGHO (СН,ЬОН. CERCH;CHCHSOH — CHCHSCHSCHSNH: 


diethylamine diethyl ether pentane | -butanol | -butanamine 
boiling point: бл U аа. быч Hx € ne E 


The water miseibility of most primary and secondary amines with four or fewer carbons. us 
well as trimetha lamine. 1s consistent with thetr hydrogen-bonding abilities. Amines with large 
carbon groups have Тие or no water solubility. 
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23.4 SPECTROSCOPY OF AMINES 


A. 


IR Spectroscopy 


The most important absorptions in the infrared spectra of primary amines are the N—H 
stretching absorptions. which usually occur as two peaks at 3200-3375 em"! corresponding 
to Ше NH, symmetric and asymmetric stretching vibrations. Also characteristic of primary 
amines is an NH, scissoring absorption (Fig. 12.8. p. 549) near 1600 cm~’. These absorptions 
are illustrated in the IR spectrum of butylamine (Fig. 23.1}. Most secondary amines show a 
single N—H stretching absorption rather than the two peaks observed for primary amines. 
and the absorptions associated with the various NH, bending vibrations of primary amines are 
not present. For example, diethylamine lacks the NH, scissoring absorption present in the 
butylamine spectrum. Tertiary amines show no absorptions associated with N— H vibrations. 
The C—N stretching absorptions of amines, which occur in the same general part of the spec- 
trum as C—O stretching absorptions (1050-1225 em™'}, are not very useful. 


NMR Spectroscopy 


The characteristic resonances in the proton NMR spectra of amines are those of the protons 
adjacent to the nitrogen (the a-protons) and the М-Н protons. In alkylamines, the a-protons 
are observed in the 6 2.5-3.0 region of the spectrum. In aromatic amines, the a-protons of N- 
alkyl groups have somewhat greater chemical shifts (why?), near 63. The following chemical 
shifts are typical: 


60.9 (s) & 10 ít) 53.0 (q) 
CH;CH;— NH — CH.—CH,; NH—CH;—CH; 
82.6 (4) 63,2 (s) 51100 


The chemical shift of the N—H proton. like that of the О—Н proton in an alcohol. 
depends on the concentration of the amine and on other conditions of the NMR experiment. In 
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Figure 23.1 The IR spectrum of butylamine, a typical primary amine. The N—H stretching and NH, bending 
(scissoring) absorptions are the most important amine absorptions. 


1122 CHAPTER 23 * THE CHEMISTRY OF AMINES 


alkylamines, this resonance occurs at rather small chemical shift—typically around 6 I. In 
aromatic amines, this resonance is at greater chemical shift, as in the second of the preceding 
exampies. 

Like the OH protons of alcohols, phenols. and carboxylic acids, the NH protons of amines 
under most conditions undergo rapid exchange (Secs. 13.6 and 13.7D). For this reason, split- 
ting between the amine N—H and adjacent C—H groups is usually not observed. Thus, in 
the NMR spectrum of diethylamine, the N—H resonance is a singlet rather than the triplet ex- 
pected from splitting by the adjacent —CH,— protons. In some amine samples, the N—H 
resonance is broadened and, like the O—H proton of alcohols, it can be obliterated from the 
spectrum by exchange with D,O (the “D.O shake.” p. 611). 

The characteristic С NMR absorptions of amines are those of the a-carbons—the carbons 
attached directly to the nitrogen. These absorptions occur in the 6 30—50 chemical-shift range. 
As expected from the relative electronegativities of oxygen and nitrogen, these shifts are 
somewhat less than the a-carbon shifts of ethers. 


PROBLEMS | ; ' hwy 
| 23.4 Identify the compound that has an М + 1 ion at m/z = 136 in its CI mass spectrum, an IR 


E 3 = 2 

ez ые 
k 

49.9 


absorption at 3279 сп ', and the following NMR spectrum: 60.91 (1H, s), 8 1.07 (3H, t, J = 
7 Hz), 5 2.60 (2H, q, J = 7 Hz), 63.70 (2H, s), 6 7.18 (5H, apparent s). 

23.5 A compound has IR absorptions at 3400-3500 cm™' and the following NMR spectrum: 
6 2.07 (6H, s), 8 2.16 (3H, s), 6 3.19 (broad, exchanges with 0,0), 6 6.63 (2H, s). To which 
one of the following compounds do these spectra belong? Explain. 

(1) 2.4-dimethylbenzylamine (2) 2,4,6-trimethylaniliue 
(3) N.N-dimethyl-p-methylaniline (4) 3,5-dimethyl-N-methylaniline 
(5) 4-ethyl-2,6-dimethylaniline 

23.6 Explain how you could distinguish between the two compounds in each of the following sets 

using only C NMR spectroscopy. 
(a) 2.2-dimethyl-1-propanamine and 2-methyl-2-butanarmine 
(b) trans-1.2-cvclohexanediamine and trans-i.4-cyclohexanediamine 


23.5 BASICITY AND ACIDITY OF AMINES 


A. 


Basicity of Amines 


Amines, like ammonia, are strong enough bases that they are completely protonated in dilute 
acid solutions. 


z - 
H3C—NH, + H—cl ж НОМИ: + НО (23.4) 
methylamine methylammonium 

chloride 


The salts of protonated amines are called ammonium salts. The ammonium salts of simple 
alkylamines are named as substituted derivatives of the ammonium ion. Other ammonium salts 
are named by replacing the final e in the name of the amine with the suffix Hen., 


О 
+ + | 
(СН; МН; ш NH; 138—118 — Bh 


dimethylammonium 


chloride anilinium benzoate 
taniliné runi? 


23.5 BASICITY AND ACIDITY OF AMINES 1123 


Ud Basicities of Some Amines 


(Fach pK, value is for the dissociation of the corresponding conjugate-acid ammonium ion.) 


Amine PK, Amine px, Amine pk, 
CH,NH, 10.62 (СН,),МН 10.64 (CH,),N 9.76 
C,H,MH, 10.63 (C,H,),NH 10.98 (C,H,N 10.65 
PhCH,NH, 9.34 
PhNH; 4.62 PhNHCH, 4.85 PHN(CH;), 5.06 
ON, 
ол— ne =1.0 p: NH; 2.45 
CI Cl 
н; CH 
à / 1 
TE бшш 5.07 ox 4.67 "E 4.38 
\ 7 \ 4 


Always remember that ammonium salts are fully tonic compounds. Although ammonium 
chloride is often written as МН,СІ, the structure is more properly represented as *NH, CI”. 
Although the N—-H bonds are covalent, there is no covalent bond between the nitrogen and 
the chlorine. (A covalent bond would violate the octet rule.) 

Recall that the basicity of any compound, including an amine, is expressed in terms of the 
pK, of its conjugate acid (Sec. 3.4D). The higher the pK, of an ammonium ion, the more basic 
is its conjugate-base amine. (A discussion of the relationship between basicity constants Кү 
and dissociation constants А, is given in Study Guide Link 3.5.) 


B. Substituent Effects on Amine Basicity 


The pK, values for the conjugate acids of some representative amines are given in Table 23.1. 
As this table shows, the exact basicity of an amine depends on its structure. Four factors influ- 
ence the basicity of amines: these are the same effects that influence the acid—base properties 
of other compounds. They are: 


|. the effect of alkyl substitution 
2. the polar effect 

3. the resonance effect 

4. the effect of charge 


Recall that the pK, of an ammonium ion, like that of any other acid, is directly related to the 
standard free-energy difference AC between it and its conjugate base by the following equa- 
tion (Eg. 3.37. p. 112 }. 


AG? = LART(EK,) (23.5) 
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4 
Further Exploration 23,1 
Alkyl Group 


Polarization in 
lonization Reactions 


The effect of a substituent group on рА can be analy zed in terms of how it affects the energy 
of either ап ammonium ion or its conjugate-base amine, as shown in Fig. 23:2. For example, 
H a substituent stabilizes an amine more than ib stabilizes the conjpugate-ucid ammonium fon 
(Fig. 23.20). the standard free energy of the amine is lowered, АС is decreased, and the рК, 
af the ammonium ion is reduced: that is; the amine is less baste than the amine without the 
substituent. Hf à substituent stabilizes the immoniit ton more than tts conjugate-base amine 
(Fig. 23.2b1, the opposite effect ts observed: the pK, is increased, and the amine basicity 15 
also increased. 

Consider first the etlect ol atkal substitution. Most common а Куат пех are somewhat 
more basie than ammonia m aqueous solution: 


pK, in agueous solution: 


+ + + + 
NIE, Na H; Мем. Messi MENT 
3.2] 10.6.2 10.64 9.76 


However, the increase in basieity that results from substitution of one hydrogen of ammonia 
by a meth] group is reversed as the number of alks | substituents is increased to three; How 
can we explain this “turnaround” in amine basicity? 

Two opposing factors are actually at work here. The first is the tendeney of alkyl groups to 
Stabilize charge through a polarization etfect; The electron clouds of the alkyl groups distort so 
as Eo Create а net attraction between them and the positive charge of the ammonium ion: 


the electron clouds 
of the methyl groups 
| are distorted 


an dilractive 
е stabilizing interaction 


Because the ammonium ien is stabilizexd by this effect. its pA, is increased (Fig. 23,2 hi4. This 
effect is evident in the gas-phase basieities of amines. In the gas phase, the acnlity of ammo- 
nium iens decreases regularly with increasing КУ substitution: 


Cas-plhase ас 


T 


+ + + 
SHa a Nien, > NIe NI). ^ Ale NH 123.7} 


The sume polarization effect also operates in the gas-phase acidity осоп (See. 8.6C 1. ex- 
сет in the opposite direction. [n other words, the polurization of alk | groups can act to stabi- 
lize either positive or negative charge. In the presence of à positive charge. as im ПОШ 
ions, electrons polarize foward the charge: in the presence of a negatise charge. as in alkoxide 
ions, they polarize away {тон the charge. We might say that electron clouds are like some 
politicians: they polarize in whatever way ts necessary to create the most favorable situation. 
(See Further Exploration 23.1 for à more extensive discussioi. } 

The second factor involved in the effect of alkyl substitution on amine hasicity must he à 
sofvent effect, because the hasteity order of amines in the gas phase (Eq. 23.7 (is different from 


23.5 BASICITY AND ACIDITY OF AMINES 1125 


- reducing the energy of the | 
amine decreases the pK, 
oftheammonium ion | 
(decreases amine basicity) 


ЕМН, + H4O* ЕМН, + H4O* 


| АМН, + H,0+ 


амн, T H;O* | 


| AG? = 2.3RT(pK,) 


we 


+ 
RNH; + HO TM 


reducing the energy of the 
ammonium ion increases 
its pK, (increases amine 

basicity) 


STANDARD FREE ENERGY 
STANDARD FREE ENERGY 


|" 
| lower | 
| 


(a] (b) 


Figure 23.2 Effect of the relative free energies of ammonium ions and amines on the pK, values of the ammo- 
nium ions. (a) Reducing the energy of an amine decreases the pK, of its conjugate-acid ammonium ion and thus 
reduces the basicity of the amine. (b) Reducing the energy of an ammonium ion increases its pK, and thus in- 
creases the basicity of its conjugate-base amine. 


that in aqueous solution (Eq. 23.6). [n other words, the solvent water must play an important 
role in the solution basicity of amines. An explanation of this solvent effect 1s that ammonium 
ions in solution are stabilized not only by alkyl groups, but also by hydrogen-bond donation 
to the solvent: 


H---:OH, 


H,C— I UN 
| 


Н---:ОН, 


Primary ammonium salts have three hydrogens that can be donated to form hvdrogen bonds. 
but a tertiary ammonium salt has only one. Thus, primary ammonium ions are stabilized by 
hvdrogen bonding more than tertiary ones. 

The pK, values of alkylammonium salts reflect the operation of both hydrogen bonding and 
alkyl-group polarization. Because these effects work in opposite directions, the basicity in Eq. 
23.7 maxinuzes at the secondary amine, 

Ammonium-ion pK, values. like the pK, values of other acids. are also sensitive to the 
polar effects of substituents. 


+ + + + 
ESNHCH.CEN . EG&NHCH;CH,CEEN ~~ EGNH(CH;LCESN ENH (238) 
рКа: 4.55 7.65 10.08 10.65 
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An electronegative (electron-withdrawing) group such as halogen or cyano destabilizes an 
ammonium ion because of a repulsive electrostatic interaction between the positive charge on 
the ammonium ion and the positive end of the substituent bond dipole. 


repulsive interaction 


908. raises the energs 
"x M al the ion 


Notice that the polar effects of substituent groups operate largely on the conjugate actd of the 
amine—the alkylammonium ion— because this cation is the charged species in the acid-base 
equilibrium. (Recall from Sec. 3.6C that polar effects on stability are greatest on the charged 
species in a chemical equilibrium.) In the case of a carboxylic acid, alcohol, or pbenol, the 
conjugate-base anion is the charged species; consequently, the polar effects of substituents are 
reflected primarily in their effects on the stabilities of these anions. 

The data in Eq. 23.8 (p. 1125) show that the base-weakening effect of electron-withdraw- 
ing substituents, like all polar effects. decreases significantly with distance between the sub- 
stituent and the charged atom. 

Resonance effects on amine basicity are illustrated by the difference between the pK, val- 
ues of the conjugate acids of aniline and cyclohexylamine, two primary amines of almost the 
same shape and molecular mass. 


* + 
NH; NH; (23,0) 
conjugate acid conjugate acid of 
of aniline cyclohexylamine 
pKa 4.62 10.64 


(Notice that the pK, values of the substituted anilinium ions in Table 23.1 are considerably 
lower than the pK, values of the alkylammonium tons.) Aniline is stabilized by a resonance in- 
teraction of the unshared electron pair on nitrogen with the aromatic ring. (This resonance in- 
teraction is shown in Eq. 23.3, p. 1120.) When aniline is protonated, this resonance stabiliza- 
tion is no longer present, because the unshared pair is bound to a proton and is “out of 
circulation," The stabilization of aniline relative to its conjugate acid reduces its basicity (Ед. 
23.5 and Fig. 23.2). [п other words, the resonance stabilization of aniline lowers the energy re- 
quired for its formation from its conjugate acid, and thus lowers its basicity relative to that of 
cyclohexylamine, in which the resonance effect is absent. 

The electron-withdrawing polar effect of the aromatic ring also contributes significantly to 
the reduced basicity of aromatic amines. Recall that a similar polar effect is responsible for the 
increased acidities of phenols relative to alcohols (Sec. 18.74). 


Study Problem 23.1 


Arrange the following three amines in order of increasing basicity, 


a Ns а )- МН, Ет 


p-chloroaniline 4-chlorocyclohexanamine aniline 
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Solution Because the chloro substituent is an electron-withdrawing group. it reduces the basic- 
ity of an aniline. (The slight electron-donating resonance effect of a chloro substituent is much 
less important than its electron-withdrawing polar effect.) Hence, p-chloroaniline is less basic 
than aniline. Because of the resonance interaction of the amine nitrogen with the ring 7 electron 
system, p-chloroaniline is also less basic than 4-chlorocyclohexanamine. But what about the rela- 
tive basicity of aniline and 4-chlorocyclohexanamine? The resonance and polar effects of the aro- 
matic ring and the polar effect of the chlorine are all base-weakening effects. The problem is to 
decide whether the effect of the aromatic ring or the effect of the chlorine is more important in re- 
ducing basicity. To make this decision, reason by analogy. Examine the effect of an electron-with- 
drawing group on the basicity of an amine in which the polar effect is the only effect that can op- 
erate. For example, the series in Eq. 23.8 shows that an electronegative group four carbons away 
from the amine nitrogen has a very modest effect. On the other hand, the comparison in Eq. 23.9 
shows that the resonance and polar effects of an aromatic ring change the pK, of an amine by 
about six units. Consequently, the base-weakening effect of "changing" a cyclohexane ring to а 
phenyl ring is much more important by many orders of magnitude than the base-weakening effect 
of "replacing" a hydrogen with a 4-chloro group in cyclohexanamine. Hence, the basicity order is: 


p-chloroaniline < aniline << 4-chlorocyclohexanamine 


| PROBLEMS we кА е Алл | 
213.7 Arrange the amines within each set in order of increasing basicity in aqueous solution, least 


basic first. 

(a) propylamine, ammonia, dipropylamine " 

(b) methyl 3-aminopropanoate, sec-butylamine, H,NCH,CH,NH, 
(c) aniline, methyl m-aminobenzoate, methyl p-aminobenzoate 
(d) benzylamine, p-nitrobenzylamine, cyclohexylamine, aniline 


ә 
Lad 
eO 


Explain the basicity order of the following three amines: p-nitroaniline (A), m-nitroaniline 
(В), and aniline (C). The structures and pK, data are shown in Table 23.1. 


C. Separations Using Amine Basicity 


Because ammonium salts are ionic compounds, many have appreciable water solubilities. 
Hence, when a water-insoluble amine is treated with dilute aqueous acid, such as 5% НСІ so- 
lution, the amine dissolves as its ammonium salt. Upon treatment with base, the ammonium 
salt is converted back into the amine. These observations can be used to design separations of 
amines from other compounds, as Study Problem 23.2 illustrates. 


Study Problem 23.2 
A chemist has treated p-chloroaniline with acetic anhydride and wants to separate the amide prod- 


uct from any unreacted amine. Design a separation based on the basicities of the two compounds. 


Solution If the mixture is treated with 5% aqueous HCI, the amine will form the hydrochloride 
salt and dissolve in the aqueous solution. The amide, however, is not basic enough to be proto- 
nated in 5% HCI (p. 1001), and therefore does not dissolve. 
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| 1 
а ws a) NH-—C—CH, 


hloroaniline N-(p-chlorophenyl)acetamide 
water-insoluble) (water-insoluble) 
= aqueous HCl i aqueous HCI (23.10) 


+ 
aA iin, CI no appreciable reaction 


an ionic compound; 
soluble in aqueous solution 


The water-insoluble amide can be filtered or extracted away from the aqueous solution of the 
ammonium salt. Then the aqueous solution of the ammonium salt can be treated with NaOH to 
liberate the free amine. 


Amine basicities can play a key role in the design of enantiomeric resolutions. The enan- 
tiomeric resolution discussed in Sec. 6.8 should be reviewed with this idea in mind. 


PROBLEMS | 


ты 
I 
= 


Using their solubilities in acidic or basic solution, design a separation of p-chlorobenzoic 
acid, p-chloroaniline, and p-chlorotoluene from a mixture containing all three compounds. 
23.10 Design an enantiomeric resolution of racemic 2-phenylpropanoic acid using a pure enan- 
потег of |-phenylethanamine as resolving agent. (Assume that a solvent can be found in 
which the diasteromeric salts have different solubilities.) Discuss the importance of amine 
basicity to the success of this scheme. (See Sec. 6.5.) 


D. Acidity of Amines 


Although amines are normally considered to be bases. primary and secondary amines are also 
very weakly acidic. In other words, amines are amphoteric compounds (p. 97). The conjugate 
base of an amine is called an amide (not to be confused with amide derivatives of carhoxylic 
acids). 

The amide conjugate base of ammonia itself is usually prepared by dissolving an alkali 
metal such as sodium in liquid ammonia in the presence of a trace of ferric ion. When sodium 
is used, the resulting base is called sodium amide (or sodamide), 


Fett 


2Na + 2NH, ———* 2(Na* -:МН,) + H, (23.11) 


sodium amide 
(sodamide) 


The conjugate bases of alkylamines are prepared by treating the amine with butyllithium in 
an ether solvent such as THF. 
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ГМ, с Ц 


MOCHEN SH  CHQCHCH;CHZ- ан МСН. S Lit + CHGCHACHCH 123,12) 


diisopropylamine butyllithium lithium butane 
dtisopropylamide 


are actually more complex. (See Further Exploration 23.2 for a more extensive discussion.) 
өйнен 252 The pA, of a typical amine Is aboul 35. Thus. amide anions are very strong bases, This is 
Structures of why thes can be used to form aeetyiide tons or enolate ions (Sees. 14.7A und 22. 7B. The dil- 
Amide Hasen ference in the рА values ol ammonium tons and amines illustrates the effect of charge on pK. 
A positive charge on the nitrogen mereases the acidity of the attached hydrogen by more than 

Z0 pK | units. 


| Although the structures of these amide bases are conventionally drawn as in Eq. 23.12, thes 
$ 


+ 
Ran —H В.м 
amines ammonium HIS 
pA, = 32-43 ph, = 9- [I 


E. Summary of Acidity and Basicity 


We have now surveyed the acidity. and basicity o£ the most important. organic Голота] 
groups. This information ts summarized in the tables in Appendix УП, Although the values 
given in these tables are typical sates, remember that денних and basicity are affected by 
ИКУ substitution, polar effects. and resonance effects. The acid-base properties of organic 
compounds are important not only in predicting mans of their chemical properties. but alse in 
their industria] and medicinal applicuuens. 


23.6 . QUATERNARY AMMONIUM AND PHOSPHONIUM SALTS 


" 1 + 
Closely related to ammonium salts are compounds in s meh all four hydrogens of NH, are re- 
placed by alkyl or агу! groups. Such compounds are called quaternary ammonium salts. The 
following compounds are examples: 


+ 
IG CI7 РАМІ, Br^ 
tetramethylammonium chloride N,N, N-1riethylanilinium bromide 
T і; 
+ 
PhCH N(CH), TOH CHACH ka — СН. Ph С 

| 

benzyHtrimethylammonium hydroxide CH. 


(Triton В) 


"benzalkonium chloride” 
à cationis surfactant Sec, 20,5! 


Like the corresponding ammonium tons, quaternars ammonium salts ure fully ionic com- 
pounds. Many quaternary ammonium salts contzinmg large ШКУ] or aryl groups are soluble im 
nonaqueous solvents. Triton B. for example. is used as a souree of hydroxide ton that is solu- 
ble in organic solvents. Benzalkenium chloride. a common antiseptic. acts as a surfactant in 


1130 


CHACH Hi— Br + Na CN 
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Willer (Sec, 20.5) and is abo soluble in several organie solvents. The quaternary ammonium 
jons in such. compounds eun be conceptualized as "positive charges surrounded by preasy 
ups. 

Quaternary phosphonium salts are the phosphorus analogs of quaternars ammonium salts, 


CHOCHLCILCH, 
CCH CH. PRCH.CH.CILCH, Br 


CHCILCH CH, 


cetyltributyiphesphonium bromide 
a quaternary phosphonium salt! 


Recall (Ry. 19.744. p. 9341 that phosphonium salts are the starting materials for the prepara- 
поп of Witte reagents, 

^n interesting and important use of both ammonium and phosphonium salts with large 
alkyl substituents is ta catal ze organic reactions between an donje reactant that is soluble in 
water and an organic reactant that is water-insoluble. Such reactions typically involve two mu- 
tually insoluble kavers—iun iqueous phase and an organie phase; For example, if. 1-bromo- 
octane Соле or dissolved in a water-insoluble solventi is treated with aqueous sodium 
схапиіе. no reaction takes place. even with rapid stirring, because sodium evanide. an ionic 


compaunid. is soluble onls in the aqueous lover and cannot come into contact with the alkyl 
halide. which is insotuble tn water, But when опу a few percent of the quaternary phospho- 
mum salt shown above is added to the reaction mixture and the solution is stirred vigorously, 
the reaction between the evanide ion and the alkyl halide takes place readily. 


«JU borrar 
phosphiesmum st 


— CHACHI EN + Na Вг (23.13) 


i-bromooctane nonanenitrilc 


When used in this way. the quaternans salt is called a phase-transfer catalyst. The nanie de- 
scribes the mechanism of action t Fig. 23.33. Because of iis large alky! groups, the quaternary 
salt is soluble in the organie phase. which consists o£ a water-insoluble solvent and a mixture 
of the organic reactant and. ultimately. the produet. The bromide ion in the organie phase read- 
ly exchanges with the eyanide ion from the aqueous phase. thus bringing the eyanide ien nu- 
cieophile into the organic phase. s here i£ can react with the alkyl halide. 


PROBLEMS | . А ; 
| PROBLEMS | 23.11 Draw the structure of each of the following quaternary ammonium salts. 


{а} tetraethylammonium Huende (b) dibenzyldimethylammonium bromide 


23.12 Explam why the quaternary ammonium salt А can be isolated in optically active form. but 
the Inlalkylammonium salt 7 cannot. 


ү CH, 
PhCH. "E PhCH,—N—€.H, Cir 
CHSCH CH, H 


А R 
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organic phase organic phase organic phase 
P геғч Bi. d ile P > 
4$ | 2.4 wa | f^ -" S | * ^ 
| нун) СН; — Вг , / СНаСН: СН: — Br ^ CH3(CH3)gCH; — CN N 
a 
24" t _ | 
ops RP CN RaP Br | 
——— Г Месе ——— тш x 
+ = ‘ +n- | 
> B `, Na B 
мё “CN kw rib н. 
пион phase aqueous pi iise alt neat is phase 
(a) (b) (с) 


Figure 23.3 Phase-transfer catalysis by a quaternary phosphonium salt. (a) At the beginning of the reaction, the 
ionic nucleophile (red) is soluble in the aqueous layer. (b) Rapid equilibration of the nucleophile with the counte- 
rion of the quaternary salt brings the nucleophile into the organic phase. (c) The nucleophile, now in the organic 
phase, can come into contact with the organic reactant, and a reaction occurs, forming the product and regener- 
ating the phase-transfer catalyst. 


ALKYLATION AND ACYLATION REACTIONS OF AMINES 


The previous section showed that amines are Bronsted bases. Amines, like many other Bron- 
sted bases, are also nucleophiles (Lewis bases). Three reactions of nucleophiles are: 


1. $42 reaction with alkyl halides, sulfonate esters, or epoxides (Secs. 9.1, 9.4, 10.3, and 

11.4) 

addition to aldehydes, ketones, and @‚3-ипзайигаїей carbonyl compounds (Secs. 19.7, 

19.11. and 22.8A) 

3. nucleophilic асу] substitution at the carbonyl groups of carboxylic acid derivatives 
(Sec. 21.8) 


This section covers or reviews reactions of amines that fit into each of these categories. 


to 


A. Direct Alkylation of Amines 
Treatment of ammonia or an amine with an alkyl halide or other alkylating agent results in 
alkylation of the nitrogen. 


fo 078 ff + 
RN: + H,cC—I ж R,N—CH, I7 (23.14) 


This process is an example of an S42 reaction їп which the amine acts as the nucleophile. 

The product of the reaction shown in Eq. 23.14 is an alkylammonium ion. If this ammo- 
nium ion has М— Н bonds, further alkylations can take place to give a complex product mix- 
ture, as in the following example: 


Ре + + + 
NH, + CHI — CH;NH; Г + (CH;),NH, ГГ + (CH;),NH IT + (CH3),N* IT (23.15) 
A mixture of products is formed because the methylammonium ion produced initially is par- 


tially deprotonated by the ammonia starting material. Because the resulting methylamine is 
also a good nucleophile, it too reacts with methyl iodide. 
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К MN oy + 
Nil t НА — М СИ, Г (23, еа 
Lee of А . 
NH, Е H-— МГ. 11, [7 a 0 NH4 [7 Ез Pas —— (25. 6h) 
АМА ota 


Analogous depretonanien-alkvilation. reactions gave the other produets of the mixture 
shown in Eq. 23.15 (see Problem 23.17). 

Epoxides, as well as e B-unsaturated carbons] compounds and e B-unsaturated: nitriles. 
also react with amines and ammonia. As the following results show. multiple alks lation сап 
occur with these alk lating agents as well. 

O 


. — d o - : T ! : “т — 
(C13, CNH, ^ H;C—CH,; oo (CH RENH — CHCH — OH — (CHALCNGCHS;CH;OH) = 123.171 


NH. blexeesst 7 = СН —CN — LIEN — CH ACH CX = ТРАСС, (13.1 81 


з, veld bag i vivld: 


In an alkylation reaction, the exact amount of each product obtained depends on the precise 
reaction conditions and on the relative amounts of starting amine and alkyd halide. Because и 
mixture of products results. the utility of alkylation as a preparative method for amines 1s lim- 
ied, alihough. in specilie cases, conditions have been worked out to favor particular products. 
Section 25. [ E discusses other methods that are more useful for the preparation of amines, 


Quaternization of Amines Amines can be converted into quaterna ammonium salts 
with excess alkyl halide. This process. called quaternization, is one of the most important ss n- 
thetic applications of amine alkylation, The reaction is parucularly useful when especially re- 
active ШКУ halides, such as methyl iodide or benzylic halides. are used. 


m + 
Phi ERI ЕЗ Ме] БЕТТЕШ Ph GN Me, I~ 124.191 
benzyldimcthyiamine benzyltrimethylammonium 
iodide 
pep Uu, vield | 
- 1 - ES 4 E : t 
CHACH М Ме. i РАСС] m CH CCTV М Ме. CI (S3 Un 
N,M-dimethyl-1-hexadecanamine benzyl chloride CH.Ph 
benzylhexadecyidimethylammonium 
chloride 
. + А 
CHACHNTI Ale — lel fexcess) О» CH;CHNMe, IT + UIP #2420 
CH CH, CILECH, 
sec-butylmethylamine sec-buryltrimethylammonium 
iodide 


Com ersion of an amine into a quaternary ammonium salt with excess methyl iodide tas in 
Eqs. 24.19 and 23.20 iis culled exhaustive methylation. 
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B. Reductive Amination 
When primary and secendars amines react with either aldehydes or ketones, they form imines 
and enamines, respectively (See. 19,11). In the presence of a reducing agent. imines and 
enamines are reduced to amines, 
() SI NHEt 
| _ l | | EA _ | | Ho, 1 | | | 
PENH: н EGH, ——— И ——]|,; 30 рм 1.0: —— 7—11, 1232 
acetone ST UPPER кы ethylisopropylamine 


Wert isolated: 


Reduction of the C—=N double bond is analogous to reduction of the C—O double bond (Sec. 
[9, 81, Notice that the imine or enamine does not have to be isolated. but is reduced within the 
rection mixture as it forms. Because mies and emumites are reduced nore rapidly ium cer 
Рону! compounds, reduction of the carbons | compound is not à competing reaction. 

The formation of an amine from the reaction of an aldehyde or ketone with another amine 
and a reducing agent is called reductive amination, Two hydride reducing agents, sodium tri- 
acetoxyborohsdride. NaBHiOAcs,. and sodium eyanoborohydride. NaBH CN, find frequent 
use im reductive amination. 


JB SN: 
HOA мн 


PhCH—U0 + ABN -CEH h рр SO PREHRANA =S CECH) + HO (331.13 


1. 2-u hdereethane 


benzaldehyde tert-butylamine ш N-tert-butylaniline 


| 


КЕШ? vield! 


E Мех 
| | 
аА p 
. РЕЛ Esqui? Rol I | 
+ Me.NH Y m ———— | ] 1232443 


e 


dimethylamine 


cyclohexanone N,N-dimethylcyclohexanamine 


IL viel! 


Both sodium triacetoxs borohydride and sedium cyanoborohydride are commercially avail- 
able, easily handled solids. and sodium exanoborohs dride can even be used in aqueous solu- 
Gons dhove рН > 3. Reductive amination with Nal3H CN is known as the Boreh reaction, 
atter Richard F. Borch. a professor of medicinal chemistry and molecular pharmacology at 
Purdue University. who discovered and developed the reaction while he was а professor of 
chemistry. at the University of Minnesota in 1971. Like NaBH, reductions. the Borgh reduc- 
поп requires a protic solvent or one equivalent of aed. A proton source is also required for re- 
duction with sedium travetos yborohvdride. In some cases, the water generated in the reaction 
is adequate for this purpose, and im other situations. a Weak acid can be added. (Avelig acid 
serves this role in Га]. 24.23.) 

Reductive amination. dike cataly tie hydrogenation, is pieally invelves the imines or enam- 
ines and their conjugate acids as intermediates. 


1 
Ro Ry ^H R, 
C Hac | HB LUX Nat CH MS 
QU —————————— M —Àe- - 
„= "м, — B5 "Pt Р pr a EE. [Ou 
imme ч 


+ 11.0) 
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The success ol reductive amination depends on the discrimination by the reducing agents 
between the imine intermediate and the carbonyl group of the aldehyde or ketone starting ma- 
terial. Each reagent is a sodium borohydride (NaBH) derivative in which one or more of the 
hydrides have been substituted with electron-withdrawing groups (ОА or CN), The 
polar cffect of these groups reduces the effective negative charge on the hydride and. as a re- 
sult. cach reagent is less reactive than sodium borohydride itself. Each reagent is elfectrvels 
“tuned” Lo be Just reactive enough to reduce imines. but not reactive enough to reduce alde- 
hydes or ketones. When NaCNBH, is used in protic solvents. hydrogen-bond donation by the 
solvent to the imine nitrogen (which is more basic than a carbonyi oxygen catal zes the re- 
duction. 

Formaldehyde сап be reductively. aminated with primary and secondars. amines using the 
Boreh reaction. This provides a way to introduce methyl eroups to the level of a tertiary amine: 


ч. AI: авна N 2% 2 NICH): 
PA. ко! 
+ H-CGCS0 ———— -————>» зб} 


LJE N Ha мы? 


КЕШУ vield i 


CH 
NABI LOS | 
R " 1 IO A KOH - е E 
Е МН СНРА + Н.С) н ——»  E—N—CH.;Ph у 
Е ЕЯ! NI TT 1 
benzylethylamine formaldehyde benzylethylmethylamine 


[RUP viel) 


COuaternization does not occur in these reactions. Why?) 

Neither an imine nor an enamine can be an intermediate in the reaction of a secondary 
amine with formaldehyde cq. 23.273. 0Why?) In this case a «mall amount of à cationic 
intermediate, an HARON Poen, is tormed in solution by. protonation of à carbinolamine 
intermediate and loss of water. The imminium ton. which is also a carbocation, is rapidly and 
irreversibly reduced by its reaction with hydride. 


ay d 
pum би ^N [ot 


li — 4 
RI NHR? + Н.С=0 w= Б! №: WE = 
carbinelamine 
ME + ES aTr 
ChA OH, CH. үн: " CH, 
| CC | " : үс Nat | 
RI—N—R: <— [RNOR ж R'—N—R’ Ne — RI—N—R- 
А, | ^ А, 
imminurm 11 
- OH; 222K 


Suppose Fou want to prepare a given amine and want to determine whether reductive amj- 
pation would be a suitable preparative method. How do you determine the required starting 
materials? Adopt the usual strategy for analyzing a synthesis: Start with the target molecule 
and mentally reverse the reductive amination process, Mentally break one of the C—N bonds 
and replace it on the nitrogen side with an МН bond. On the carbon side, drop a hydrogen 
trom the carbon and add a carbonyl oxygen. 
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R- R- 
KRE | \ | 
BNO с> RN C— + reducing agent (23.20) 
} N / 
H 9 
H H added О added 


As this analysis shows, the target amine must have a hydrogen on the "disconnected" carbon. 
This process is applied in Study Problem 23.3. 


Study Problem 23.3 


Outline a preparation of N-ethyl-N-methylaniline from suitable starting materials using a reduc- 


tive amination sequence. 
C es 


CH;CH; 
N-ethyl-N-methylaniline 
Solution Either the N-methyl or N-ethyl bond can be used for analysis. (The N-phenyl bond 
cannot be used because the carbon in the C—N bond has no hydrogen.) We arbitrarily choose the 


N—CH, bond and make the appropriate replacements as indicated in Eq. 23.29 to reveal the fol- 
lowing starting materials: 


"VEL c TIa + O=CH, 


CH;CH; CHCH, formaldehyde 
N-ethylaniline 


Thus, treatment of N-ethylaniline with formaldehyde and NaBH,CN should give the desired 
amine. (See Problem 23.14 on p. 1136.) 


C. Acylation of Amines 


Amines can be converted into amides by reaction with acid chlorides, anhydrides, or esters. 
These reactions are covered in Sec. 21.8. 


i | 
++ 
R/—C-—Cl + 2 R;NH ——— к —C—NR; + RNH; C] (23.30) 
О 
| d | | | : 
R'—C—O—C—R'-2RNH —— R——C-——NB: + R—C—O-^-T RNH (2331) 
i 
R’—C—OR" + R,NH ——» R'—C—NR; + R"OH (23.32) 


In this type of reaction, a bond is formed between the amine and a carbonyl carbon. These are 
all examples of acylation: a reaction involving the transfer of an acyl group. 


1136 


CHAPTER 23 * THE CHEMISTRY OF AMINES 


Recall that the reaetion of an amine with an acid chloride or an anhydride requires either 
five eautvalents of the amine or one equivalent of the amine and an additional equivalent of 
another base such as a tertiary amine or hydroxide ion, These and other aspects of amine acy- 
lation ean be reviewed in Sec. 21.8. 


PROBLEMS EM _ | | | m 
23.13 Suggest two syntheses of N-eilyleyelohexanamine bv reductive amination, 


23.14 Outline а second synthesis of M-ethyl-Aemethyliniline (the target molecule in Study Prob- 
lem 23.3) by reductive amination. 
+ 
13.15 Outline a syntbesis of the quaternary ammonium salt (CH 3, NCH-Ph Bro from each of the 
following combinations of starting materials. 
(a) dimethylamine and any other reagents (6) benzylamine and any other reagents 
23.16 (a) А chemist Caleb J, Cookbook heated ammonia with hromobenzene expecting to form 
telraphenyiammonium bromide. Can Caleb expect this reaction lo succeed? Explain. 
(b) What type of catalyst might be used to bring about this reaction under relatively mild 
conditions? (See See. 23.11C.) 
ЈА ТТ Continue the sequence of reactions m Eqs. 23. 16a-c to show how irimethylammonium io- 
dide is formed ах one of the products in Bg. 23.15. 
33.18 Outline a preparation of each of the following from an amine and an acid ehlonde. 
(a) N-phenylbenzamide (Б) N-benzyi-A-cthylpropanamide 


HOFMANN ELIMINATION OF QUATERNARY 
AMMONIUM HYDROXIDES 


The previous section discussed ways 1o рде carbon-nitroeen bonds, In these reietlons. 
amines reaet as acleopities, The Subject ol this section ts un elimination reaction used to 
break carbon: nitrogen bonds. In this reaction, which wivolves guaternarv ammnemniumn Bydros- 
ides ARQN*. TOH) as starting materials. amines acl as Zeevir gres. 

When a quaternary ammonium hydroxide is heated. à B-elimination reaction takes pace to 
give an alkene, whieh distills from the reaction mixture. 


CH;—NMe |, / А 
к, . 11. * ШОН + М Мез ТЕЕ 
H ОН и 
trimethylamine 
A RESTS ammonium 


ои methylenecyclohexane 
| L 7456 vieldi 

This type of elimination reaction is called a Hofmann elimination, after August Wilhelm 
Hofmann (1818—1592, a German chemist who became professor at the Rosal College of 
Chemistry in London and later, at the University of Berlin; Hofmann was particularly noted 
for his work on amines. 

А quaternary ammonium hydroxide used as the starine material in Hofmann eliminations 
is formed by treating a quaternary ammonium salt with siber hydroxide (АВОН which is es- 
sentially a hydrated form of silver {1 oxide (As. Oh, 


+ + 
CH;NMe, I7 + Ай, Н — {С лым “OH - Agl (23.34) 
7 


PROBLEMS 
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Alkenes, then, can be formed from amines by a three-step process: exhaustive methylation 
(see Eq. 23.21. p. 1132), conversion of the ammonium salt to the hydroxide (Eq. 23.34), and 
Hofmann elimination (Eg. 23.33), 

The Hofmann elimination is conceptually analogous to the E2 reaction of alkyl halides 
(Sec, 9.5), in which a proton and a halide ion are eliminated; in the Hofmann elimination, а 
proton and a tertiary amine are eliminated. Because the amine leaving group Is very basic, and 
therefore a relatively poor leaving group. the conditions of the Hofmann elimination are typi- 
cally harsh. 

Like the analogous E2 reaction of alkyl halides, ће Hofmann elimination generally occurs 
as an anti-elimination (Sec. 9.50). 


HO: - 
1 HO —H 
uH A = 
o X D 1 R н. Е "m. 
umm E —À» C=C. (23.35) 
By S тй "SE 
H Ме à "NMe;, 


23.19 What product (including its stereochemistry) is expected from the Hofmann elimination of 
each of the following stereoisomers? 


+ = | + = 
(а) N(CH) Он ®) N(CH;); OH 
(2R,3R)-Ph—CH—CH—Ph (2R3S)-Ph—CH—CH-——Ph 
CH, CH, 


23.20 Give the major product formed when each of the following amines is treated exhaustively 
with methyl iodide and then heated with Ag.O. Explain your reasoning. 


i "CH; 


(+)-Coniine is the toxic component of poison hemlock, the plant believed to have killed 
Socrates. Contine has the molecular formula C,H,;N. When coniine is exhaustively methy- 
lated, and the resulting product is then heated with Ag,O, the mixture of compounds А—С is 
formed. (Compounds А and В are the ( E ) stereoisomers.) 


ы 
м 
ы 
+ 


Ме,МСН,СН,СН,СН,СН=СНСй,СН, | Me;NCH;CH,CH;CH —CHCH;CH4CH,; 
A В 


насы нысанын 


NM Ča 
C 


Propose a structure for coniine. (The absolute configuration of coniine cannot be determined 
from the data.) 
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AROMATIC SUBSTITUTION REACTIONS 
OF ANILINE DERIVATIVES 


ая 


STUDY GUIDE LINK 23.1 
Nitration of Aniline 


Study Problem 23.4 


Aromatic amines can undergo electrophilic aromatic substitution reactions on the ring (Sec, 
16.4). The amino group is one of the most powerful ortho, para-directing groups in elec- 
trophilic substitution. If the conditions of the reaction are not too acidic, aniline and its deriv- 
atives undergo rapid ring substitution. For example, aniline, like phenol, brominates three 
times under mild conditions. 


NH; 
Br 


+ 3HBr (23.36) 


Br 


When aniline 3s nitrated with a mixture of nitric and sulfurie acid, a mixture of meta and 
para nitration products 15 obtained. 


NH; NH; NH: 
HNO; 
oo Je = 
e H504, 20°C 7 (+ 2% o-isomer) (23.37) 
NO; 
NO, 
[5196] (4790) 


Ee $9 


(9596 yield) 


The formation of zi-nitroaniline as one of the products is understandable because the major 
form of the starting material in the strongly acidic solution is the conjugate-acid ammonium 
ion. Because the ammonium ion has no unshared electron pair on nitrogen, it cannot donate 
electrons by a resonance effect; consequently, its electron-withdrawing polar effect makes it a 
meta-directing group. It is likely that the p-nitroaniline product arises by the rapid nitration of 
the minuscule amount of highly reactive unprotonated aniline in the reaction mixture. As the 
unprotonated aniline reacts, it is replenished, by Le Chátelier's principle. 

Aniline can be nitrated regioselectively at the para position if the nitrogen 1s first protected 
from protonation. (The general idea of a protecting group was introduced in Sec. 19.10B.) 
This strategy is used in the solution to Study Problem 23.4. 


Outline a preparation of p-nitroaniline from aniline and any other reagents. 


Solution An amide group is much less basic than an amino group. Hence, acylation of the amino 
group of aniline with acetyl chloride to give N-phenylacetamide (acetanilide) will protect the nitro- 
gen from protonation. The acetamido group, although much less activating than a free amino group, 
is nevertheless an activating, ortho, para-directing group in aromatic substitution (Table 16.2 on 

p. 763), Following nitration of acetanilide, the acetyl group is removed to give p-nitroaniline, the. 
target compound. 
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| . | 
НСС HNO; 
= ee — “= 
pyridine H;50., 20 °C 


| protection of 
the nitrogen 


aniline acetanilide NO; 


p-nitroacetanilide 


NH, 

|| 
Ду: ус са + Hc—cC—o- 
removal of the NO, 


protecting group 


p-nitroaniline 


Because the acetamido group is considerably less basic than an amino group. it is only partially 
protonated under the acidic reaction conditions of nitration. Because the acetamido group is less 
activating than a free amino group (why?), nitration occurs only once. 


КОБЕ» 23.22 Outline à preparation of sulfanilamide, a sulfa drug, from aniline and any other reagents. 


(Hint: See Eq. 20.27. p. 971; also note that sulfonyl chlorides react with amines to form 
amides in much the same manner as carboxylic acid chlorides.) 


О 


ЫГ 


| 
O 
sulfanilamide 


23.23 Outline a preparation of each of the following compounds from aniline and any other reagents. 
(a) 2,4-dinitroaniline 


(b) sulfathiazole, a sulfa drug. (Hint: 2-Aminothiazole is a readily available amine.) 


О 
г | | М N 
HN P мн ] нм] 
l S 5 
о) 
2-aminothiazole 
sulfathiazole 


жуг 
F. 


DIAZOTIZATION; REACTIONS OF DIAZONIUM IONS 


A. Formation and Substitution Reactions of Diazonium Salts 


The reactions considered in previous sections show that the chemistry of the amino group 
vaguely resembles that of the hydroxy group. Amino groups, like hydroxy groups, can both 


1140 CHAPTER 23 * THE CHEMISTRY OF AMINES 


donate and accept hydrogen bonds. Amino groups, ke hydroxy sroups. are basic and nucie- 
ора (олу more ser Amino groups, like hydroxy groups wnh suitable астап). can 
serve as leaving groups. And amino groups. like hscdrossy groups. activate aromatig rings tu- 
ward electrophilic aromatic substitution. 

in contrast, when it comes to oxidation reactions, there is no parallel between amines and 
alcohols or phenols. Oxidation of amines generali oceurs at the amino nitrogen, whereas ox- 
idation of aleohols and phenols occurs at the a-carbon. An important oxidanon reaction of 
amines that illustrates this point is called diazotization; the reaction of primary amines with 
nurous acid (HNO) to form diazonium salts А diazonium salt is à compound of the form 
К -*NezN: X ,in which X7 is à typical anjon (chloride, bromide, sulfate, and so oni, Be- 
cause nitrous acitd 1s unstable, ibis usually generated as needed by the reaction of sodium ni- 
uite d NaNO, with a strong acid such as HEI or Н.ЅО,. Both aliphatic and aromatic primary 
amines are readily diazotized: 


m NaNO, BCT "I "T 
CH,CHCH.CH; паж  [CH;CHCH;CH, (23.38) 
~ - | 
Further Exploration 23.3 “Н; М == №: CI 
Mechanism of | 
Diazotization 2-butanamine 


2-hutanediazonium chloride 
[an aliphatic diazenium salt: 
unstable: cannot be isolated 


(sec-butylamine) 


| Saath, He | ud aL 
РЬ == Мі. TET Ph —NzNwN: Cl 23, 39 
aniline benzenediazonium chloride 


[an aromatic diizonium salt) 
can be isolated 


Nouce that diazonium salts incorporate one of the very best leaving groups— molecular ni- 
trogen (red in Ец. 23.38). For this reason, aliphatic diazonium salts react immediately as they 
аге formed by So. Ed. and/or 8,2 mechanisms to give substitution and elimination products 
along with dinitrogen. a gas. 


CH;CHCH;CH; 
| 


мамо, HO, | 
MEE 


+ 
> | cH.CHCH.CH. | M 


NN dinitrogen 


CH4CHCH;CH, 
| 
Н. 


(gas) 


Fi 


HOt + CH,CHCH.CH, + HC—CHCHCH; + ЄН,СИ==СИСИ — (23.401 


[9 ot prod Let | КЕЛҮҮ prod ucl 
OH Es cis and 21"0 trans? 


lo of product) 


(The rapid liberation of dinitrogen on treatment with nitrous acid is a qualitative test [or pri- 
mary alkviamines.! Because of the complex mixture of solvolysis and elimination products that 
results, the reactions af aliphatic diazonium salts are not generally useful in organic synthesis. 

Кеса that benzene rings bearing good leaving groups do not readily undergo S41 or 5,2 
reactions (Sees. [8,1] and 18,3). For this reason, «алол salts can be isolated and used 
In a variety of reactions. In practice, though, they are usually prepared in solution at 0-3 °C 
and used without isolation. because they lose nitrogen on heating and because they. are 
explosive in the dry state. 
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Among the most important reactions of ary ldiazonium salts are substitution reactions with 
cuprous halides: in these reactions, the diazonium group is replaced bi а halogen. 


MANII, f 
+ ( 
He San ПЧ» це Ҹәк: c] US. Hu “чук 


p-methylaniline p-methylbenzenediazonium p-chlorototucne 
(p-toluidinc] chloride б-а ум! — 12341 
NH, м. Be Br 
OCH NE СН. A oc l; 

4 ae 22 т" 22 
——— - r | + NS (2342) 

М, uM м. 

2-methoxyaniline 1-bromo-2-methoxybenzene 


(o-hbromoanisole! 
(BR Y'o wield! 


An analogous reaction occurs with cuprous cyanide. CuCN. 


+ “WON 
ano dba No C17 = H cf 3 N + №. (25431 


4-methylbenzonitrile 
(бн А] 


This reaction is another way of forming a carbon-carbon bond. in this case to an aromatig rine 
(see Appendia VI. The resulting nitrile can be converted by hydrolysis inte a carboxylic acti. 
which can. in turn. serve as the starting material for a variety of other types of compounds. The 
reaction of an ary лоти ton with à cuprous sall is called the Sandmever reaction. This 
reaction is ап important method for the synthesis of агу} halides and nitriles, 

Ату iodides can also he made by the reaction. of diazenium salts with the potassium 
salt KI. 


C17 | 


| 
+  —> ( + N. 1 KC] (2344 


[7 4— 7 5n vield [ 


The analogous reactions with KBr and KCI do not work: cuprous salts are required. 

Aryhiazonium salts can be hydrolyzed to phenols by heating then tn water, A variation of 
this reaction reminiscent of the Sandmever reaction is the use of euprous oxide CuO) and an 
excess of aqueous cupric итше [Cut NO, J] al room temperature, 


Нэ, t uit, 
/ ч Ax Ts t " э aet : Лач laaa 
0 xn TET » wt S-& HSOT CN E 1р UNA Br i N m. m 
— - l — ——= 


p-bromoaniline p-bromophenol 
(эпке — (23.451 
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Finally. the diazonium group is replaced by hydrogen when the diazonium salt is treated 
with hypophosphorous acid, Н,РО.. 


NH; Mb ЕГ H 
Br. Br Вт. Br Br Br 
| Мамо, 50% HPO» : 
HCI Н.О + № + Н;РО + HCl 
Вт Вг Вт 
2,4,6-tribromoaniline 2,4,6-tribromobenzenediazonium 1,3,5-tribromobenzene | 
chloride (70% yield) (23.46) 


The product of Eq. 23.46, 1,3,5-tribromobenzene, cannot be prepared by the bromination of 
benzene itself. (Why?) Recall that the starting material, 2.4.6-tribromoaniline, is prepared by 
the bromination of aniline (Eq. 23.36). In this bromination reaction, the positions of the 
bromines are determined by the powerful directing effect of the amino nitrogen. Once the 
amino group has fulfilled its role as an activating and directing group, it can be removed using 
the reaction in Eq. 23.46. 

The diazonium salt reactions shown in Eqs. 23.41—23.46 are all substitution reactions, but 
none are 52 or S41] reactions because aromatic rings do nor undergo substitution by these 
mechanisms (Secs. 18.1 and 18.3). It turns out that the Sandmeyer and related reactions occur 
by radical mechanisms involving the copper. The reaction of diazonium salts with KI (Eq. 
23.44), although not involving copper. probably occurs by a similar mechanism. The reaction 
of diazonium salts with H,PO, (Eq. 23.46) has been shown definitively to be a free-radical 
chain reaction. 


23.24 Outline a synthesis for each of the following compounds from the indicated starting materi- 
als using a reaction sequence involving a diazonium salt. 
{а} 2-bromobenzoic acid from o-toluidine (o-methylaniline) 
(b) 2,4,6-tribromobenzoic acid from aniline 
23.25 As shown in the following equation, when (R)-I-deuterio-1 -butanamine is diazotized with 
nitrous acid in water, the alcohol product formed has the S configuration (D = ^H). 


| | 
HNO; | 
„© - C, 
CH;CH;CH; CH;CH;CH; 


(R)-1-deuterio-1-butanamine 


{а} Give the stereochemical configuration of the diazonium ion formed as an intermediate in 
this reaction. Draw its structure. 

(b) What mechanism for reaction of the diazonium ion with water is consistent with the 
stereochemical result in the preceding equation? 


B. Aromatic Substitution with Diazonium ions 


Aryldiazonium ions react with aromatic compounds containing strongly activating substituent 
groups. such as amines and phenols, to give substituted azebenzenes. (Azobenzene itself is 
Ph—N=N— Ph.) 
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X 
js " к= a ГА 23.47) 
Ade > [ж mM A — АЛ \\, j М НІ 
AY Pa x i} A / 


butter yellow 
tan azobenzene | 


This ts an electrophilic aromatic substitution reaction in which the terminal nitrogen ot the adi- 
azonium ton is the eiectrophile. The mechanism follows the usual pattern of eleetrophilie urn- 
Matie substitution (Sec. 6.4 By. First; the y electrons of the aromatic compound are donated 
to the electrophilic nitrogen to give a resonance-stabilized carbocation: 


IEEE. [бр 
KA п T 
os zt i . 
^ ^ м тА хаи | 


+ 


(23. dul 


" ) X af е be 
MeN KF p, 07 Ме < Г жы - НС 02348 
т т d kV 


(Whs does substitution occur at the para position? See Sec. 165A.) 

The azobenzene deris atiyes formed in these reactions have extensive conjugated electron 
systems, and most of them are colored (See. 15:20 50. Some of these compounds are used as dyes 
and indicators: as a class. thes are Known as azo dyes. (An azo dye is a colored derivative of 
azobenzene.) For example, the azo dye еу orange тъ a well-known acid-base indicator. 


ash УА л Ee 

j eru 

_ m T К pom " {7+ 

бз 0-80 ж qx Н.О 


methyl orange 1vellow ^а = + 

i any nl dara! — ? чү : 

anaes Оз —N IRA Ҳм. 
=.“ — 


protonated methyl orange | redi (23.491 
P, xi 


Because meths | orange changes color when i is protonated. it can be used as an acid -bast im- 
dicator at pl values near its pA, of 3.5. Some ало dyes are used m dyeing fabrics. foodstutfs, 
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and cosmetics, For example, FD & C Yellow No. 6 (FD & C — food. drug. and vosmetie! ts u 
compound used to color gelatin desserts. ice cream. beverages, candy. and so on, 


S4 


/ 
T у М 
чык ү у= | 
х SC Na 
OH ka 


ED С Yellow No.6 i “Sunset Yellow : 


C. Reactions of Secondary and Tertiary Amines with Nitrous Acid 


Secondary amines react with nitrous acid to give N-nitrosamines. compounds of the form 
R.N—N-—40. usually called sinpli nitrosamines. 


MeNH + HNO, ——™ Me.N—N=O + HO (23,50) 


N, N-dimethyinitrosamine 
(LSS—UU" « x je] di 


я Мала, HI | : 
ВЕКЕ ен. 158595. ри XE B 114,91) 


N=0 


N-methyl-N-nitrosoaniline 


Nitrosamines, Cancer, and Breakfast Bacon 


The fact that many nitrosamines are known to be potent carcinogens created a debate over the use 
of sodium nitrite (NaNO.) as a meat preservative. The meat-packing industry argued that sodium 
nitrite is important in preventing the botulism that results from meat spoilage. But because sodium 
nitrite is, in combination with acid, a diazotizing reagent, it has the capacity for producing 
nitrosamines in the acidic environment of the stomach. For example, the frying of bacon generates 
nitrosamines that concentrate in the fat. (Well-drained bacon contains fewer nitrosamines, and 
nitrosamines are destroyed by ascorbic acid (vitamin C), which is present in fruit and vegetable 
juices. Perhaps this is a good reason for drinking orange juice when having bacon for breakfast!} The 
potential hazards of sodium nitrite led to a long campaign by consumer groups to have it banned as 
a meat preservative; the campaign was fought by the meat-packing industry. Then researchers 
found that nitrite is produced by the bacteria in the normal human intestine. it became 
questionable whether the risk from nitrite in meat is any greater than the risk faced all along from 
normal intestinal flora. These findings caused the Food and Drug Administration in 1980 to back 
away from banning sodium nitrite as a preservative, recommending only that it be kept to a 
minimum. 


A tertiary amine cannot ferm a nitrosamine. Howes er, MUA disubstiiluted aromatic amines un- 
dergo electrophilie aromatic substitution on the benzene ring. The electrophile is the mirosyl 
cation. "N==O. which is gencrated from nitrous acid under aciJie conditions. 
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CH, | CH, 

ri mn b / i =} E d 

ue go - HNO, ~ Ht] —» ON И UI YAN 
CH. CH. 

№. N-dimethylaniline N, N-dimethyl-4-nitrosoanilinium chloride 


PSY 0*5 vield i 


PROBLEMS M и i i 
23.26 Design а synthesis of methyl orange (Eq. 23.49) using aniline as the only aromatic starting 
material. 


23.27. What two compounds would react in a diazo coupling reaction to form FD & C Yellow 
No, 0? 
23.28 (a) Using the eurved-arrow notation, show how the mtrosyt cation. *N=0, is generated 
from HNO. under acidic conditions. 
th} Give a curved-arrow mechanism Гог the electrophilic aromatic substitution reaction 
shown in Eq. 23.52. 


SYNTHESIS OF AMINES 


Several reactions discussed in previous sections ean be used for the synthesis of amines. [n 
this Section. four additional methods will be presented. amd. in Sec. 23.7D. all of the methods 


for preparing amines are summarized, 


A. Gabriel Synthesis of Primary Amines 


Recall that direct alkylation of ammonia is generally nob a good synthetic method for the 
preparation of amines because multiple alkylation takes place (Sec. 23.7 1 This problem can 
be avoided by protecting the amine nitrogen so that it can react only once with alkylating 
reagents, One approach of this sort begins with the imide juhiafinide. Because the рА of 
phthalimide is 3.3. ns conjusate-base anion is casih formed with KOH or NaOH. This 
anion as a goud nucleophile. and is alkylated by alky! halides or sulfonate esters in S42 


reductions. 
() О 
| " Ue e 
Т ; um Pee I 
= " КОП А СН:СН СН: СН OTs 
N He | E, М К^ EEE 
VA м2 
1 A 
(5 (C) 
phthalimide (} 
pA, 83 l 
CM Bas = 
M —CHSCHS;CH5;CH,; + K* “OTS 1235830) 
BERT 


O 


N-butylphthalimide 
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The alkyl haltdes and sulfonates used in this reaction are primary or unbranched secondars. 
Because the N-alkslated phthalimide formed in this reaction is really a double amide, n can be 
converted into the free amine by amide hydrolysis in either strong acid or base. 


O 
. | 
C— OF 
ae : 1 
| N—CH.CH.CH,CH, - 211-0 — CH,CH.CH,CH.NH, Bro ~ | 
; butylammonium bromide i 
Q 
N-butylphthalimide 
PRIEST 


In this example. acidic hydrolysis gives the ammonium salt; which can he converted into the 
free amine by neutralization with base. 

The alkylation of phthalimide anion followed by hydrolysis of the alkylated derivative to the 
primary amine is called the Gabriel synthesis, after Siegmund Gabriel (1851-1924) à profes- 
sor at the Universiti of Berlin. who developed the reaction in. 1887. Because the nitrogen in 
phihalimide has only one acidic hydrogen, it ean be alkylated only once. Although АШКУ} 
phthalimides also have а pair of unshared electrons on nitrogen. they do not alkylate further. 
because neutral imides are much less basic (why?) and therefore less nucleophilic, than the 
phthalimide anion, Hence. multiple alkylation. which occurs in the direct alkylation of am- 
monta, 1s avonded in the Gabriel synthesis. 


| N—R i R—X 53 | SN 


V7 alf halide Кыны R 


$ () 


AC RARGT 


PROBLEM | | ! | | 
| 23.29 Which one of the following three amines can be prepared hy the Gabriel synthesis: 2.2- 


dimethyl- 1 -propanamime, 3-methyl-|-pentunamine. or N-butylaniline? Give an alkyl halide 
starting material for this synthesis. and explain why the other two amines cannot be pre- 
pared this way. 


B. Reduction of Nitro Compounds 


Nitro compounds can be reduced easily to amines by catalytic hydrogenation: 


NO. XH. 
Hia Pd, 
kill 
CHAO CHW 


OCH; OCH, 


123.55] 


],2-dimethoxy-4-nitrobenzene 3,4-dimethoxyaniline 
[978,5 yield! 
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In ап older. but nevertheless effective. method. finely divided metal powders and HC! can 
be used to convert aromatic nitro compounds into aniline derivatives, Iron or tin power is typ- 
wally used. 


Br Br 
Sade) or 
HC “tH ; | - 
МО. ———— ——> NH. c ког Fett salts (23,561 
[-bromo-3-nitrobenzene in-bromoaniline 


(RM vield, 


In this reaction, the nitro compound is reduced er iregen. and the metal. which is oxidized to 
a metal salt. is the reducing agent, Although the methods shown in both Eqs, 23.55 and 23,56 
alse work with aliphatic nitro compounds. they are particularly important with aromatic nitro 
compounds as methods for introducing an amino group into an aromatic ring. 

In view of the utility of Lithium aluminam hydride ПЛАН, рап sodium borohydride 
(NaBH) as reducing agents for other compounds, what happens when nitro compounds are 
treated with these reagents" Aromatic nitro compounds do react with ГААН. hut the reduc- 
tion products are ü70benzenes (See. 23.108), not amines: 


"ad 
ПАШ TEAM? N - 
1 NO. ——— ———ь М „ШМ (73.87) 
Б ether IK 
nitrobenzene 
azobenzene 


Nitro groups do not react at all with sodium borohydride under the usual conditions. 


NC. NEN the nitro group 
A es is not reduced 


Salih! T 
Ме ена тс» -CHOH ТЕЕ 
ni-nitrobenzaldchyde m-nitrobenzyl alcohol 


Hence, ШАН, and NaBH, are пог useful in forming aromatig amines from nitro compounds. 


| PROBLEM x Г 
23.3) Outline syntheses of the following compounds from the indicated starting materials. 


(a) p-lodoanisole from phenol and any other reagents 
(b) m-bremarodobenzene from nitrobenzene 


C. Amination of Aryl Halides and Aryl Triflates 


Ars lamines can be prepared by the direct amination of aryl ehlorides and ary! bromides in the 
presence of a base and a PUO) catalyst. 
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"n Hs fs А ОО 
| + | hs + E -Ku я - mms 
| EN ` М. — LH 
H 1 С ] aT 
1 ,4-dimethy!- pyrrolidine 
2-chlorobenzene 2 ЄН, 


| + Na cl + -ВиОН (23.595 
M 
HIC Su ТМ, 
of 


N-(2,5-dimethylphenvlpyrrolidine 
L8 viel udi 


The direct amination of ary] halides es sometimes culled Buehswald-Hartwig amination io 
recognize the two chemistry professors who fled the research groups that developed these re- 
actions: Stephen L. Buchwald or MIT. and John F. Hartwig of the University of Minos. 

A number of different catalysts have heen explored for тес amination. These are typi- 
cally of the form РШ. where Lis a sterivally demanding ligand such as the following: 


PEC yd. Pir- Вин. 


FM M0 a 
| = N KY? ar waw. 


(Cy — cvyclohexvt) 


These catalysts are formed by mixing рабат И acetate or other Pd precursors and two 
equis alents of the ligands. 

These amination reactions have been shown to operate by more than ene mechanism. All 
of the mechanisms, however. [tke the mechanisms of the Heck, Suzuki; and Stille reactions 
(Sees. 18.6A. 18.6B. and Is. (OB, involve the key steps of oxidative addition and reduetive 
eliminauon (See, 14.572). The fotlowing scheme summarizes these fearures. 


PdL- a—— ра + L 


Jase: 
ДАН 
- ` А т 43 
Pdl. t AI —t&l vA RAI UE L —Pd— Ar Iud L—Pd—Ar кайг PdL + Ar — “К, ЖАЛ 
qa J?e c lex idt ran | suhlistitntnie elm on 
à [268 conmpiex Cl NR- 
dto) 
4 14е complex + Base — 1 
Pac +С 


The amine used as the starting material in the amination reaction must lose a hydrogen in the 
reaction. Consequently, м hen a tertiary amine is the amination product. it cannot react further. 
However. when a primary amine is used as the starting material. the product is a secondary 
amine. Rean in principle serve as the staring material im a competing second amination. 


RNIT, base, Art hase, i 
. call st | ыам! . 
Ar—(;] — @ — àr—NHE —— Ar -NE [*3n]li 


The product of thts second amination becomes an unwanted by-product. Nevertheless, amina- 
Lion with primary amines is practical jf the primary imine ts Itself an amine. or if it hus a 


сй 


М. 
H.C 


23.11 SYNTHESIS OF AMINES 1149 


large or highly branched alkyl group. In such cases, steric hindrance is used to advantage. The 
catalyst complex leading to the tertiary amine has significant steric repulsions: as a result, the 
undesired second amination is relatively slow and does not occur to a significant extent. This 
is one reason that the catalysts involve sterically demanding ligands. 


С] 


i ed " - Pd(9) catalyst 
| + H,N—CH,(CH,),CH; + Na Or-Bu ——_ 


toluene 


hexylamine 


p-chlorotoluene 


Study Problem 23.5 


NHCH;(CH;),CH; 
+ у 
+ Na Cl + t-BuOH 
HC (23.62) 
N-hexyl-4-methylaniline 
(85% yield) 

As you have learned, reductive amination is another way to prepare tertiary arylamines. 
(See Eq. 23.23 on p. 1133.) Some tertiary arylamines, however, such those containing nitro- 
gen heterocycles (Eq. 23.59), would be difficult to prepare by reductive amination, Direct am- 
ination provides a straightforward route to these amines. Another attractive aspect of direct 
amination is that it. like other Pd-catalvzed coupling reactions, tolerates a wide variety of 
other functional groups, as Study Problem 23.5 illustrates. 


Outline a synthesis of p-dipropylaminoacetophenone from chlorobenzene. 


Solution Considering the problem retrosynthetically gives the following synthetic pathway, 
starting with the target molecule: 


Ж i 
hd ei eX a ы ЧИ 


p-dipropylaminoacetophenone 


Direct amination of p-chloroacetophenone with dipropylamine and an appropriate Pd(0) catalyst 
gives the target: 


о 


О =s Ра(0) catalyst, base | 
| Pr.NH | 
H;C—C E = НСС NPr, 


Reductive amination would not have worked, because the acetyl group would have been reduced 
under conditions of reductive amination. 

The starting material for the amination, p-chloroacetophenone, can in turn be prepared by a 
Friedel-Crafts acylation reaction. 


Ї і 
C 2-9 + He—c—q Eh, HO. net )-a 
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Aryl triflates can also be used as starting materials in amination. Because aryl triflates can 
be prepared from the corresponding phenols (See. 18.9B), this reaction provides a synthetic 
path from phenols to arylamines. 


OTL 
+  HNBu; + Ма OrBu OS 
(CH3)3C dibutylamine 
p-tert-butylphenyl triflate 
N Bu, 


a 


+ Na ОТ + rBuOH (23.63) 
(СН, ):С 


N,N-dibutyl-4-tert-butylaniline 
(7396 yield) 


PROBLEM | : ; 

| PROBLEM | 23.3] Outline a synthesis of each of the following compounds from the indicated starting material 
and any other reagents. 
(a) N-(sec-butyl)-N-ethylaniline from chlorobenzene 


(Б) иа {с} NH. 
he. Er 
í 
(CH,},C С} 


from phenol from chlorobenzene 


D. Curtius and Hofmann Rearrangements 


A very useful synthesis of amines starts with а class of compounds called асу! azides. An acyl 
azide has the followtng general structure: 


" azide огоцр О 

> = 
R—C—N—NzN: or i —6—9 (23.64) 
COCA 


an acyl azide 
acyl group | 
(The synthesis of acyl azides is discussed below.) When an acyl azide is heated in an inert sol- 
vent such as benzene or toluene, it is transformed with loss of nitrogen into an isocyanate, а 
compound of the general structure R—N=C=0O. 


heat 
benzene 


| 
СН: (СН) C— № CHi(CH3;,— N—C-—0O xb N- (23.65) 


dodecanoyl azide undecyl isocyanate 
(81-86% yield) 


This reaction, called the Curtius rearrangement, is a concerted reaction that can be repre- 


[7] sented as follows: 


STUDY GUIDE LINK 23.2 | t М 
Mechanism of ‘a | rd LES "T 


Rearrangement R^N 7 N 
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The rearrangement is named for its discoverer. Theodor Curtius (1857-1928), who was pro- 
fessor of chemistry at Heidelberg University. 

The isocyanate product of a Curtius rearrangement eun be transformed into an amine by 
hydration in either acid or base. Hydration involves. first, addition of water across the €—N 
bond to olye a varbanmie acid: 


C 
A Ha + — | 
H—OH + R—N-C€C—O0 ж R—NII—C—OH 123.571 
an isocyanate a carbamic acid 


Carbamie acids are among those types of carboxylic acids that spontaneously decarbox ylate 
(see Eq. 20.43. p. 9771. Decarboxylation gives the amine, which ts protonated under the acidic 
conditions of the reaction. The free amine is obtained by neutralization: 


Q 


| ! TO r "OH | 
R—NH—C—OH ——- МЫ ——3 КМНЫН. + И) X68 


T ЫБ 


The overall transformation that occurs as a result of the Curtius rearrangement followed by 
hydration is the joss of the carbonyl carbon of the acyl azide as CO.. 


|! 


STUDY GUIDE LINK 23.3 L heut (140) 


= 5 ——————%- — M --[ = = 
Formation and К ^: ANS R—N-C—U HOT 
Decarboxylation of | | 
Carbamic Acids acyl azide Iisucvanate 
9 
| i COH 
R—NH-—CC-——0H| — ЕМЫ, ——» RENH: + HAO 
carbamic acid 1 GU. amime 
t unstable? (13.691 


An important use of the Curtius rearrangement is tor the preparation of carbamic acid de- 
rivalives (see Sec, 21.16). Such derivatives are produced by allowing the tsocyanale products 
lo react with nucleophiles other than water. The reaction of isocyanates with alconols or phe- 
nols vields carhamate esters; and the reaction with amines yields ureas. 


R' OH | + 
R—NH—C—OR 


а carbamate estet 


(alcohol or 


phenol 


Н — № =(==() СО, + R—NH (23,70) 
‘from the Curtius T ht 
rearrangement! 


O 
| 
h— NH—C—NH К 


d urea 


(amine) 
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The kes to the preparation of асу azides used in the Curtius rearrangement is to recognize 
that these compounds are carboxylic acid derivatives, The most straightforward preparation is 
the reaction of an де chloride with sodium azide. 


C) (C 
| | 
Ph—CH. = ~ Мам ж Ph—CH.—C—N, + NaCl. 123.715 
phenylacetyl chloride phenylacetyl azide 


an aay) azide) 


Another widely used method is to convert an су ester into an aes? derivati e of hydrazine 
(HIN — NM by aminoly sis (See. 21.8C 1. The resulting amide, an ocv! Avelrazide, is then dia- 
Zalized with nitrous acid to give the асу] azide. 


(С) () с? 
|l || MANTI, | 
. | К. | | ku | А PEERS | - , 
Ph—CH. C -Okt + ХИМИ. ———9 Ph СЫС NIINH. — PhCll —UC-—N, 
| | А 
ethyl phenylacetate hvdrazine phenvlacetyl hydrazide phenylacetyl azide 
ПТИ hydrazide 
RD- HR veli DUET 


Notice the similarity of this diazotization to the Фалон of alks аиле; 


Compare: 


я 
Кси. МН, ~ HONO. —» R—CH, -N=N: 


i Q Н {) 
[| | à | | | T ERE | "T T 
R—UC— МӘН, н HONO ——— K—U—X—N22N*: — Ес NNN! - Нр 


conjugale acid 
of the аск azide (217231 


Because the conjugate acid of the ae] azide is quite acidic c hs 7). it loses a proton from the 
adjacent nitragen to the give the neutral асу] azide. 

А reaction closely related to the Curtius rearrangement 1s the Hofmann rearrangement or 
Hofmann hypobromite reaction. The sturing material for this reaction ts a primary. amide 
rather than an асу azide, Treatment of an amide with bromine in base gives rise lo a re- 
arrangement. 


C) 


i 
| 


Вг. 2 2NaOH + (CHSAGCCH.—C- NIL —— СН ССН. NIIS + OSCO 1 2 Nalir + PLO 


3,3-dimethylbutanamide 2,2-dimethyl-1-propanamine 
(incopentylamine] [23,741 


The first step in the mechanism of the Hofmann rearrangement is ionization of the amide 
N—H tSee. 23, [A x the resulting anion is then brominated. 


{) C 


s -——- 
| ^ 


ШО s ч - 
КСМ ЧОП ж R—c Хн НО 237501 
| тт 
H H 
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(% () 
| me ТМ Ра" | T 
R—U—NH Вг Вг 3 R—UC— NH - „К Bro (ЛА ТАБ! 


any Мота 


(This reaction. is analogous to (he a-bromination of a ketene in hase; See. 22.38.0 The 
N-bremoamide product is even more acidie than the amide starting material. and it too ionizes. 


Q Q 
БМ, ы ap T 7 
R—C-N—-H “OH # R CoN Н) [oe 
| | 
Вг Br 


The V-breme anion then rearranges Lo an Тору. 


48r 
| a? = 
E! * o 3] ———YMPe Ciz == M — i — 2175 
p MA PU M d | N R Ни RANA 
e orta an secvianale 


Notice that the rearrangement steps of the Hofmann and Curtius reactions ure conceptually 
identical: the only differenee is the leaving group. 


Holmann: ee 


R—N—UUC-— 113.70) 


" 
Curtius: NEM. 


Because the Hofmann rearrangement is carried out in aqueous base, the 1socvanate cannot 
he isolated as it is in the Curtius rearrangement, И spontaneously hydrates to [orm a carbamate 
ion, which then decarhoxvlates to the amine product under the strongly pasie reaction vondi- 
Hons. (See Study Cuide Link 23.3.) 


(1 
| | | on e 
R—N=C=—O 1 ОН — КҸН (0—07 аа ЕМИ. = (40; —— LC C E53 
nee Vande carbamate iin amine ДЕ ШАНА ОД 


Although the reaction of amines with CO. is reversible. formation ot the amine in the Holmann 
rearrangement is driven to completion by the reaction of hydroxide ion with CO. to torm bicar- 
bonate ion cor carbonate Toni under the strongly baste conditions ef the reaction. 

An interesting and very useful aspect of both the Hofmann and Curtius rearrangements 15 
that they take place with complete rerention of stereochemical configuraron in the migrating 
alks | group: 
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CH-Ph ELLEN CH,Ph 
| Е DO На? | 
5 A. AMI = 
mo Ns "P (23783 
E М7 H j “мн, 
Н.С | НС 
О 


МІНЕТ 


IN] Eoo ONET 


Hence. optically active carboxyiie acid derivatives can be used to prepare optically active 
amines of known stereochemical configuration. (Ey. 23.78 is a further illustration of the fact 
that there 15 no smiple correlation between a compound's absolute configuration and the sign 
of its optical rotation. | 

The advantage of the Curtius rearrangement over the Hofmann rearrangement ts that the 
Curtius reaction can be run under mild, neutral conditions. and the isocyanate ean be isolated 
if desired. The disadvantage is that seme acyl azides in the pure state cun detonate without 
warning, and extreme caution is required in handling them. Amides. in contrast; are stable and 
casilv handled organic compounds. 


EHORUEMS 23.32 (a) Couid tert-butylamine be prepared by the Gabriel synthesis? 1f so, write out the synthe- 
sis. If not, explain why, 


(b) Propose a synthesis of tert-butylamine by another route. 

23.33 Write a curved-arrow mechanism for each of the following reactions. 

(a) ethyl isocyanate (CH ,CH,—N=C—0) with ethanol to yield ethyl N-etiylcarbamate 
(b) ethyl isocyanate with ethylamine to yield N.N" -diethylurea 

23.34 Whal product is formed when 2-methyipropanamide is subjected to the conditions of the 
Hofmann rearrangement (4) in ethanol solvent? (b) in aqueous NaOH? 

23.35 When hexanamide 15 subjected to the conditions of the Hofmann rearrangement, pen- 
tanamine (A) 1s obtained as expected. However, a significant by-product is N.N" -dipentyl- 
urea (B). Explain the origin of B. (Hint: Neither pentyl isocyanate nor pentanamine has ap- 
preciahle solubility in aqueous base.) 

Q 


| 
Bri, Мас 
CH; CH :),6C — NH; H-Q 


|| 
CHit CH, — МН, + CHCH; NH — C— NH(CH; CH; 
A B 


E. Synthesis of Amines: Summary 
The lallawing amine syntheses have been covered in this and previous sections: 


|. reduction of amides and nitriles with LiAIH, (Sees. 21.9B and 21.9C) 

. direct alkylation of amines (Sec. 23.74). This reaction is of Limited utility, but is useful 
for preparing quaternary ammonium salts. 

3, reductive amination (Sec, 23.7B) 

i. aromatic substitution reactions of anilines (Sec. 23.49) 

5. direct amination of ary] halides (See. 23.11€) 

б. Gabriel] synthesis of primary amines (Sec. 23.11 A) 

7. reduction of nitro compounds (Scc. 23.11 B) 

8. Hofmann and Curtius rearrangements (Scc, 23.1 1D) 


[2 
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Methods 2, 3. 4, and 5 are used to prepare amines from other amines. When an amide used 
in method | is prepared from an amine, this method, too, 15 a method for obtaining one amine 
from another. Methods 6—8. as well as nitrile reduction in method 1, are limited to the prepa- 
ration of primary amines, and methods 1, 3. 7, and 8 can be used for obtaining amines from 
other functional groups. 


осы 23.36 Show how 2-cyclopentyl-N,N-dimethylethanamine could be synthesized from each of the 


A. 


following starting materials. 


(а) (b) 
CH;—CO.H au 
(c) (d) 
CHCH: —CO.H CH;—CH--QO (two ways) 


. USE AND OCCURRENCE OF AMINES 


Industrial Use of Amines and Ammonia 


Among the relatively few industrially important amines is hexamethylenediamine, 
H.N(CH.),NH., used in the synthesis of nylon-6.6 (Sec. 21.12A). Ammonia is also an impor- 
tant "amine" and is a key source of nitrogen in a number of manufacturing processes. In agri- 
cultural chemistry, for example, liquid ammonia itself and urea, which is made from ammonia 
and CO,, are important nitrogen fertilizers. Ammonia is manufactured by the hydrogenation 
of N,. Although it might not seem that the industrial synthesis of ammonia has anything to do 
with organic chemistry, the hydrogen used in its manufacture in fact comes from the cracking 
of alkanes (Eq. 5.71, p. 217). Thus, the availability of ammonia is presently tied to the avail- 
ability of hydrocarbons. However, there is significant interest in the development of methods 
for utilizing solar energy for water splitting—the conversion of water into H, and O,. Should 
water splitting become practical, the production of ammonia would be completely uncoupled 
from the availability of petroleum. 


Naturally Occurring Amines 


Alkaloids Among the many types of naturally occurring amines are the alkaloids: 
nitrogen-containing bases that occur naturally in plants. This simple definition encompasses a 
highly diverse group of compounds; the structures of a few alkaloids are shown in Fig. 23.4 on 
p. 1156. Because amines are the most common organic bases, it is not surprising that most al- 
kaloids are amines, including heterocyclic amines. It is believed that the first alkaloid ever iso- 
lated and studied was morphine, discovered in 1805. Many alkaloids have biological activity 
(Fig. 23.4); others have no known activity, and their functions within the plants from which 
they come аге, in many cases, obscure. Investigations dealing with the isolation, structure, and 
medicinal properties of alkaloids continue to be major research activities in organic chemistry. 


PROBLEM | ; eu 
23.37 [Illustrate the Bransted basicity of (a) morphine and (b) mescaline (Fig. 23.4) by giving the 


structures of their conjugate acids. 
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H 


H.C—CH 


CH;O H ji 
p E 
О Ph 
quinine cocaine 
(an antimalarial drug) (a stimulant of the central nervous system; 


induces euphoria; widely abused) 


м \ CHO. CH,CH;NH, 


[P CH à 
OCH, 
morphine (R = H) nicotine mescaline 
codeine (Ё = CH) (the principal alkaloid (a hallucinogen from 
(medically important analgesics} from tobacco) peyote cactus) 


Figure 23.4 Structures of some alkaloids. Each compound has at least one basic amine group. 


Hormones and Neurotransmitters Epinephrine (adrenaline) is an amine secreted by 
both the adrenal medulla and sympathetic nerve endings; it 15 an example of a hormone—a 
compound that regulates the biochemistry of multicellular organisms, particularly vertebrates. 


HO H 


"CH4NHCH, 


HO 


OH 


epinephrine 


Epinephrine, for example. is associated with the “fight or flight" response to external stimuli: 
you might feel the effects of epinephrine secretion when you walk unprepared into your organic 
chemistry class and your instructor says. "Pop quiz today.” The mechanisms by which hor- 
mones exert their effects are important research areas in contemporary biochemistry. 

Norepinephrine. another amine, and acetylcholine, a quaternary ammonium ton, are ex- 
amples of neurotransmitters, 
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CH:NH; + 
MeN—CH;—CH;—O0-—C— CH; 


acetylcholine 


norepinephrine 


Neurotransmitters are molecules that are involved in the communication between nerve cells or 
between nerve ceils and their target organs. This communication occurs at cellular junctions 
called synapses. A nerve impulse is transmitted when a neurotransmitter is released from a nerve 
cell on one side of the synapse, moves by diffusion across the synapse. and binds to a protein re- 
ceptor molecule of another nerve cell or a target organ on the other side. This binding triggers ei- 
ther the transmission of the impulse down the nerve cell to the next synapse or a response by the 
target organ, Different neuroiransmitters are involved in different parts of the nervous system. 

Significant advances have occurred in understanding the chemistry that takes place in the 
human brain (neurochemistry). These advances are being made by teams of molecular biolo- 
gists, biochemists, and organic chemists. It is concervable that a deeper understanding of neu- 
rochemistry will lead to treatments for such widespread and tragic afflictions as Parkinson's 
disease and Alzheimer's disease. Sigmund Freud perhaps anticipated these developments when 
he wrote in 1930, “The hope of the future hes in organic chemistry. , . 7 


KEY IDEAS IN CHAPTER 23 


Amines are classified as primary, secondary,or tertiary. 
Quaternary ammonium salts are compounds in which 
all four hydrogens of the ammonium ion are replaced 
by alkyl or aryl groups. 


Most amines undergo rapid inversion at nitrogen.This 
inversion interconverts a chiral amine and its mirror 
Image. 


Simple amines are liquids with unpleasant odors. 
Amines of low molecular mass are miscible with 
water. 


The N—4H stretching absorptions are the most impor- 
tant infrared absorptions of primary and secondary 
amines. іп the NMR spectra of amines, the a-protons 
have chemical shifts in the 8 2.5-3.0 range. The °С 
NMR chemical shifts of amine a-carbons are in the 
6 30-50 range. 


Basicity is one of the most important chemical proper- 
ties of amines, The basicity of an amine is expressed by 
the pK, of its conjugate-acid ammonium ion. Ammo- 
nium-ion pK, values are affected by alkyl substitution 
onthe nitrogen,the polar effects of nearby substituent 
groups, and resonance interaction of the amine's un- 
shared electrons with an adjacent aromatic ring. 


Because amines are basic, they are also nucleophilic. 
The nucleophilicity of amines is important in many of 
their reactions, such as alkylation, imine forrnation, 
and acylation. 


Amines can serve as leaving groups. Quaternary am- 
monium hydroxides, when heated, undergo the 
Hofmann elimination, in which an amine is lost from 
the a-carbon and a proton is lost from a B-carbon 
atom. However, because amines are basic, they are rel- 
atively poor leaving groups. 


Amines are weak acids with pK, values in the 32-40 
range. 


The amino group is ortho, para-directing in elec- 
trophilic aromatic substitution reactions. However, in 
many reactions of this type, such as nitration and sul- 
fonation, protection of the amine nitrogen as an 
amide is required to prevent its protonation under 
the acidic reaction conditions. 


Treatment of primary amines with nitrous acid gives 
diazonium ions. Aliphatic diazonium ions decompose 
under the diazotization conditions to give complex 
mixtures of products. Aryldiazonium ions, however, can 
be used in a number of substitution reactions: the 
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Sandmeyer reaction (substitution of N, by halide ог 
cyanide groups) or hydrolysis (substitution with —OH). 
Because aryldiazonium ions are electrophiles, they 
react with activated aromatic compounds, such as aro- 
matic amines and phenols, to give substituted azoben- 
zenes, some of which are dyes. Secandary amines react 
with nitrous acid to give nitrosamines. Under acidic 


ш Amines сап be synthesized from amides, nitriles, nitro 


compounds, and other amines, as summarized in 
Sec. 23.11E. The Curtius and Hofmann rearrange- 
ments yield amines with one fewer carbon atom. The 
Curtius rearrangement can also be used to prepare 
isocyanates, which react with nucleophiles by addi- 
tion across the C—N bond to give carbamic acid 


conditions, tertiary amines do not react, although aro- derivatives. 


matic tertiary amines give ring-nitrosated products. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 23, in the Study 


REACTION | REVIEW 
Guide and Solutions Manual. 


ADDITIONAL PROBLEMS 


(c) butyllithium in THF, —78 °C 

(d) acetyl chloride, pyridine 

(e) NaNO,, aqueous HBr, 0 °C 

(f) acetone. H./Pd/C 

(g) excess СНІ, heat 

(h) benzoic acid, 25 °C 

i1) tormaldehyde, NaBH,CN, EtOH 

(j) 2,4-dimethylchlorobenzene, К? i-BuO'" , and a 
PO} catalyst 

(К) product of part (g) + AsO, then heat 

(1) product of part (d) with LiAJH,, then H,O*. 
then OH 


23.38 Give the principal organic product(s) expected when 
p-chloroaniline or other compound indicated reacts 
with each of the following reagents. 

(a) dilute HBr 

(b) C;H;MgBr in ether 

(c) NaNO.. HCI, 0 °C 

(d) p-toluenesulfonyl chloride 

(€) product of part (c) with Н.О, СиО, and excess 
Cu( NO,), 

(£) product of part (c) with CuBr 

(2) product of part (c) with H,PO, 

(h) product of part (c) with CuCN 


(i) product of part (d) + NaOH, 25 °C 
23.4] Give the structure of à compound that fits each de- 


23.39 Give the principal organic product(s) expected when scription, (There may be more than one correct answer 


N-imethylaniline reacts with each of the following for each.) 
reagents. iaj a chiral primary amine C,H.N with no triple bonds 
(a) Br. (b) a chiral primary amine С.Н, № 


ic two secondary amines, which, when treated with 
CH,L then Ag,O and heal, give propene and N,N- 
dimethylaniline 

id) a compound C,H,N that reacts with NaBH(OAc), 
with | equivalent of HOAc, then KOH. to give N- 
methyl-2-propanamine 


(b! benzoyl chloride 

(c) benzyl chloride (excess), then dilute "OH 

(d) p-taluenesulfonic acid 

(e) NaNO., НСІ 

(f) excess CH,L heat, then Ар.О 

ig) CH.CH—0O, NaBH(OAc),. and HOAc in 
CICH,CH.CI. then KOH 


(h) chlorobenzene, К? BuO. and a Pd(O) catalyst 23,42 Explain how you would distinguish the compounds 


within each set by a simple chemical test with readily 
23.40 Give the principal organic product(s), if any, expected observahle results. such as solubility in acid or base. 
when isopropylamine or other compound indicated re- 
acts with each of the following reagents. 
(a) dilute H,SO, 
(b) dilute NaOH solution 


evolution of a gas. and so forth. 

ба! N-methylhexanamide; 1 -octanamine: 
N.,N-dimethyi- I -hexanamine 

(b) p-methylaniline. benzylamine, p-cresol, anisole 
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On the package insert for the drug баре, used in COS 
the control of blood pressure amd hypertension. 1% MI: 


" 


given the following structure: 


LI 
p? 
OH ^ ыш anthranilic acid 
oa: ВИСИ da Gei ibi When an acidie solution of methyl red 15 trated 
/ | | with base. the dye behaves as a diproue acid with 
с, p&, values of 2.3 amd 3.0. The color af the meth] 
labetalol bydrechioride red solution changes vers Mtthle as the рН is raised 


23.44 


ы 

i 
I 
"nm 


23.46 


23.47 


: - vast 2,3, hut, as the pH is raised past Ath the volor ot 
tab Labetalol is claimed to he a salt. Explam bs ening Mni Г | ү | 
Дек ыры the solution changes dramatically from nad to 
à more dutuiled structure, m 
- | хес, Explain. 
(hi Wha happens to fabetalol HCE when treated with i P 


ът Th - 1 ` Il, А аг. iF ‚ . _ 
ene gyu alent of NaH at room temperature: 23448. Alizarin yellow R is an azo dye that changes color 


(с What happens to laberalo] hien it is treated wath ^ 


from yellow to fed between pH 10.2 amd 12.2. 
an exeess ot aqueous NaOH and heat? 


| | с). 
rd) What are the products formed s hen labetalol is 


treated with & A aqueous ACT and heat? p" - 
= N=N OH 
| / V 4 
= 


(ar Give the structure of cocaine (Fig, 23 4 ras it would 
exist in 1 3 aqueous CE solution. alizarin yellow R 


5 А a i 1 ` t | ъ 1, 1g = ЫЯ 1 А E à Е ы - ' 
(b) What products «ould form if cocaine were treated id Outline а synthesis of alizarin yellow R from ani- 


ae В i А E P 1 А М H ъа 2 Р Р E E Е = 
with an excess of aqueous NaOH and heat line, salies fic acid to-hyiroxs henzoie acidi. and 
и i d н и ГЪ y 1 г "AP 1 се | k A ЫЙ L| m E > 
с What products would form if cocaine were treated апу other reagents. 
with an excess of concentrated aqueous HCI and (bo Draw the structure of alizarin yellow R as 1t existe 
ae ve . LI - - - 
Lt in dts Yellow form at pH — 9. Note that the conju 
: | CHA T wate acid of a diazo group has a pA near 5. 
Design a separation af a mixture contning the tul- : AL EE 
M "er ыз Draw the structare of alizann yellow B us it exists 
lowing four compounds into Its pure components. | | И 
! at pH > 12. Why does it change color’ 
Describe exacts what sou would do and what you 


would expect t6 observe, 232.49 Amanda Amine. an organic chemistry student, has 
П = L * "^ LI LES E | E xi 1 Р "T "^n эл Ж 
nitrobenzene, aniline. p-chlerophenol. and proposed the reactions given in Fig, P2349 on 
p-nirebenzeic TUE |}. | ОО, ПАП In each Cue why the ТАЧ ОП 35 vuta 


nob sueeeed as wren. 
How would the basicity of trifluralin. a widely used 


ME: Е : г - tae ? 1 ts ‘ П m SEITE : r : 1 : 
herhbicule. compare with {һа at N NAliethsdamdine: 23M) Outline il мре? Lu rede lian that would hring about 
пик! greater. about ihe same. or much tess’? Explain. the conversion ef aniline ito each at Ше following 

| compounds, 
FE; 2 GM . 
i d (a) benzs lamine 
| thi bhenzslaleehal 
у | (e) 2-phens lethaaamine 
! А E “Wry рур 
S idi -phensT-2-hutanamine 
(e) p-chlorobenzcic aci 
Ed (D diphenslamine 
trifluralin 


235] When p-aminophienol reacts with one molar equivalent 
of acetic anhydride, u compal acetaminophen (4. 
C. HNO. кх formed that dissolves in dilute NaOH. 
When А is treated with one equivalent of NaOH fo- 


cub When anthranilie acid is treated with NaNO. in 
aqueous НС solution, amd the resulting solution 1s 


еде with NN-dieneihsfaniline, a dye called NU - 
»" i ч АА w lowed by ethyl iodide. an ethyl ether 8 is formed. 
methyl red ps formed. Give the structure ol me tay ; : і | Hu | 
хи ` What is the structure of aceraminephen? Explain your 
rei. : 
reasoning, 
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23.52 When 1.5-dibromopentane reacts with ammonia. 
among several products isolated 15 a water-soluble 
compound А that rapidly gives a precipitate of AgBr 
with acidic AgNO, solution. Compound A ts un- 


changed when treated with dilute base, but treatment of 


(e) Diazotization of 2.4-cyclopentadien- | -amine gives 
a diazonium sali, which, unlike most aliphatic dia- 
zonium tons, is relatively stable and does not de- 
compose to a carbocation. 


A with concentrated NaOH and heat gives a new com- 23.54 Imagine that you have been given a sample of racemic 
pound В (C,H, N) that decolorizes Br, in ССІ, 2-phenylbutaneic acid. Outline steps that would allow 
Compound 8 is identical to the product obtained from you-to хаш BT Samples of each of the following 
the reaction sequence shown in Fig. P23.52. Identify А compounds from this starting material and any other 
and B and explain your reasoning. reagents. (Note that enantiomerie resolutions are time- 
consuming. One resolution that would serve all five 
23.53 Give an explanation for each of the following facts. syntheses would be most efficient.) 
(a) The barrier to internal rotation about the N-phenyl (a) Et O 
bond in A-methyI-p-nitroaniline is considerably | | 
higher (42—46 kJ mol", or 10-11 kcal тої" ') than (R)-Ph —CH—NH—C—0Me 
that in N-methylaniline itself (about 25 KJ mol" '. (bi Fr О 
or 6 kcal mol ^ !j. Б ^ edi m 
(b) Cis- and trans-1.3-dimethylpyrrolidine rapidly in- 
terconvert. (c) Ft О Fi 
(c) CH,NH—CH,—NHCH, is unstable in aqueous (R,R)-Ph Ss БРИ Он 
solution, 
(d) The tollowing compound exists as the enamine iso- id) 1 | Ы 
mer shown rather than as an imine: mesa-Ph— CH — NH— C —NH — CH — Ph 
H4C — NH O (е) Et 
H,C—C=CH—C—OGHs; (R)-Ph—CH— NX) COH 
(а) О 1) АС, 0 


| 
(ponte + H,C—C—Cl 


2) На T 
4) NaOH А ^ i 
— HCC) NI 


“QH 


ibi MeC— NH; + СН (excess) ж Mm Me,C—NH—CH, + I7 


(c! 
mn ) + HNO, — мем )-No + HOO 
«n Р H 
O4N СН=0 + ШАН, —» ———» (QN CH,OH 


H-50 


{Т} Br 


: CH;CH;,CH;N(CH4); + H-O 


CH; 


| N N | 
(CH,};CCH,CH,CH; + ^W —» ( N—C—CH.CHCH, Bro 


Figure P23.49 


4-pentenoic acid 


Figure Р23.52 


SOC! piperidine 
———» M 


CH; 


1) LiAIH, 
2) HQT 


3} dilute “GH В 


23.55 Show how the insecticide carbary! can be prepared 
from methyl isocyanate, Н,С—М==С==0О. 
О 


| 
O—C—NHCH, 


carbaryl 


23.56 Offer an explanation for each of the following obser- 
valions, including the structure of each product and the 
role of the quaternary ammonium salt. 

(a) When sodium benzenethiolate, Ма? PhS~, is mixed 
with |-bromooctane in water, по reaction takes 
place. However, when 1-2 mole percent tetrabutyl- 
ammonium bromide, (CH,CH,CH.CH,),N” Br. is 
included in the reaction mixture, a product is 
Formed readily. 

ib) When phenylacetonitrile, Ph—CH,—C==N., is 

mixed with aqueous sodium hydroxide and | 4-di- 

bromobutane, а separate organic layer forms and no 

reaclion takes place. However. when the three com- 
ponents were rapidly stirred in dichloromethane sol- 
vent with a few mole percent of tetrabutylammo- 
nium bromide [structure in part (a)l. a compound 
with the formula CHN was formed in high yield. 
When morpholine (p. 1118) and bromobenzene are 


(c 
allowed to react in toluene solvent in the presence 
of the catalyst Pd[PU-Bu),].. a reaction takes place 
when aqueous NaOH is used as the base and | 
mole percent of cety Itrimethylammonium bromide, 
CH4(CH:44CH;NOCH3. Вг, is added to the reac- 
поп mixture, 


A compound А (C.,H.,NO is insoluble in acid and 
base bul reacts with concentrated aqueous НСІ and 
heat to give a clear aqueous solution from which. on 
cooling. henzoic acid precipitates. When the super- 
natant solution is made basic, a liquid B separates. 
Compound B is achiral. Treatment of В with benzoyl 
chloride in pyridine gives back A. Evolution of gas 15 
not observed when B is treated with an aqueous solu- 
tion of NaNO, and HCI. Treatment of B with excess 
CH,l, then Ag.O and heat, gives a compound C, 


C,H. plus styrene, Ph—CH-—CH,.. Compound C. 


when treated with excess СН]. then Ag,O and heat, 
gives a single alkene D thal is identical to the com- 
pound obtained when cyclohexanone is treated with 
the ylid СН. PPh;. Give the structure of A, and 
explain your reasoning. 


23.60 
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Three bottles A, B, and C have been found, each of 
which contains a liquid and is labeled "amine C,H, N.” 
As an expert in amine chemistry, you have been hired 
as a consultant and asked te identify cach compound. 
Compounds À and B give off a gas when they react 
with NaNO, and HCI at Q0 "C: C does not. However. 
when the aqueous reaction mixture from the diazotiza- 
lion of C is warmed. а gas is evolved. Compound А 

Is optically inactive. but when it reacts with (+ )-rartaric 
acid, two isomeric salts with different physical proper- 
ties are obtained. Titration of C with aqueous HCI re- 
veals that its conjugate acid has à pA, = 5.1. Oxidation 
af C with Н.О, (a reagent known to oxidize amino 
groups to nitro groups). followed by vigorous oxidation 
with KMnO, gives p-nitrobenzoic acid. Oxidation of 

B ina similar manner yields 1.4-hbenzenedicarboxylic 
acid (terephthalic acid}, and oxidation of A yields ben- 
гос acid. Identify compounds A, B. and C. 


Complete the reactions given in Fig. P23.59 on p. 1162 
by giving the structure(s) of the major productis}. Ex- 
plain how vou arrived at your answers. 


Outline a synthesis for each of the following com- 
pounds from the indicated starting materials and any 
other reagents. The starting material for the com- 
pounds in parts (a) through (e) is pentanoic acid. 

ta) N-methyl- i -hexanamine 

(b) pentvlamine 

(c) N.N-dimethyl- ]-pentanamine 

(d) butylamine 

(e) hexylamine 

(£1 CH, 


Br^ from 
butyraldehyde 


PhCH;— N— CH;CH;CH,CH, 
CH, 


(2) N-ethyl-3-phenyl- I -propanamine from toluene 
(hi 2-pentanamine from diethyl malonate 

(i) isobutylamine from acetone 

i jl isopentylamine from acetone 

iki m-chlorobromobenzene from nitrobenzene 

(1) p-chlorobromobenzene Irom nitrobenzene 
(m) p-methox ybenzonitrile from phenol 

(n) лы тыш from AME n 


D D 
(0) i 
O бот H;C—C—CH,CH:—CO,H 
N 
\ levulinic acid 
CH, 
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23.61 (а) An amine А has an El mass spectrum with a base 23.63 Aniline has a UV spectrum with peaks at А = 230 
peak at m/z = 72. An amine В has an EI mass nm (e = 8600) and 280 nm (e = 1430). in the pres- 
spectrum with a base peak at m/z = 58. One of the ence of dilute HCl. the spectrum of aniline changes 
amines is 2-methyl-2-heptanamine, and the other is dramatically: А = 203 (є = 7500) and 254 
N-ethyl-4-methyl-2-pentanamine. Which is which? (e = 160). This spectrum is nearly identical to the 
(Hint: A major fragmentation mechanism of amines UV spectrum of benzene. Account for the effect of 
in El and CI mass spectra is a-cleavage; p. 566.) acid on the UY spectrum of aniline, 

(b) Tributylamine has a CI mass spectrum with a ! : ' 
d » | 23.64 [magine that you have samples of the following four 
strong M + | peak and one other major peak re- ' ' ; ra |a ne. 
“page isomeric amines, hut you don't know which is which. 
sulting from a-cleavage. At what m/z value does › dg uu 
Explain how you could use proton NMR to distinguish 
this peak occur? 
among them, 
23.62 In the NMR spectrum of a concentrated (4.5 M) ilh 
aqueous solution of methylamine, es methy] group PhCH,CHCH, PhCH N(CH,); 
appears as a quartet when the solution pH = 1. At in- 
termediate pH, the methyl group appears as a broad A B 
line. At pH = 9 the methyl group is observed as а NH; 
single sharp line. Expiain these observations. | 
PhCHCH;CH; PhCH;CH:NHCH,; 
C D 
(a) NH; + HNO, э» (bi CH, 
Hal Ags heat 
———— —ҥҤЧч 
W. | eXCC55 | 
(c) On. „© 
1 1) НА, Mel 
СН -МН 2) HO lexcess) Agi heat а : | 
О | 0 T Aum am ———» ———ъ (ап isomer of benzene) 
M E м Se 
Б> Cc 
| | 
СІ С] 
(d) / (е) Эг 
v HNO Сим, 
( дон + HCl + NaNO, ——> ow-( NH, —M— е 
if) (g) О 
ee a a H0 
CH;CH-CH-CH:— NH; + H;C— CH, (excess) ————= EGNH + (СН ССН, ж 
(hi С) 
G 
са :—HC— СН, аон, Нус 
NH KOH H;C—HC — CH; Li H;O 
fal 
O 
(1) Q 


— 


FN 
pec Cu + HN 


(Give the stereochemistry as well 
as the structure of the product.) 


Ph Ph 
Cp ыс н + EtNH, (excess) —  iacompound with 5 carbons) 
Br 
(Ку /— Pd/C 
NO, + 2CH,CH,CH,CH=0O + Н, ж 


\ 4 


Figure P23.59 
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23.65 Inthe warehouse of the company Tumany Amines, Inc., (b) Compound A (C,H,,N,): IR spectrum: 3281 ст}, 
two unidentified compounds have been found. The pres- ММК spectrum: б 1.! (8H. t, / = 7 Hz), 6 2.66 
ident of the company, Wotta Stench, has hired you to (4H, q. J = 7 Hz), 6 2.83 (AH. s). (Hint: The triplet 
identify them from their spectra: at ё 1.1 conceals another broad resonance thal con- 
(a) Compound A (CyH,,NO): IR spectrum: 3360, 3280 tributes to the integral.) 

ст” (doublet); 1611 cm"; no carbonyl absorp- (c) Compound C (С.Н N}: IR spectrum: 3280, 1653, 
uon. NMR spectrum shown in Fig. P23.65a. 898 cm '. NMR spectrum in Fig. 23.65b. 


chemical shift, Hz 
2400 2100 1800 1500 1200 900 600 300 0 


| = 69 Н; = 6.9 Н; 


=! je — ja- 


chemical shift, ppm (8) 
(а) 


chemical shift, Hz 
2400 3100 1800 1500 1 200 ggg 600 500 0 


8 7 6 Bi. 4 3 E" oF 0 
chemical shift, ppm (6) 
(b) 


Figure P23.65 (а) The NMR spectrum for compound A, Problem 23.65(а). (b) The NMR spectrum for compound 


C, Problem 23.65(c). Integrals are shown in red above their respective resonances. 
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23.66 Propose a structure for the compound A (C,H,,O.N) 
that is unstable in aqueous acid and has the following 
NMR spectra: 
Proton NMR: 62.30 (6H. 5: 6 2.435 (2H, d, J = 6 

Hz); 6 3.27 (6H. s) 64.50 011A, 1,7 = 


6 Hz} 


"C NMR: 646.3, 653.2, 668.8, 6 102.4 


23.67 (a) Propose a structure for an amine A (C,H4N). which 
liberates a gas when treated with NaNO, and HCI. 
The C NMR spectrum of A is as follows, with at- 
tached protons in parentheses: 6 14(2). 8 34.3(2), 
6 50.001). 

ib} Propose a structure for an amine B (C,H, N}, which 
does not liberate a gas when treated with NaNO, 
and НСІ, and has JR absorptions at 917 em" !. 990 
cm^!, and 1640 em^', as well as N—H absorption 
at 3300 em7!. The "C NMR spectrum of 8 is as 
follows: 6 36.0, 654.4, 6 115.8. 6 136.7. 


23.68 Give a curved-arrow mechanism for each of the re- 
arrangement reactions given in Fig. P23.68. 


23.69 Provide a curved-arrow mechanism for the example of 
the Bavliss-Hilman reaction shown in Fig. P23.69. Be 


sure that the role of the triethylamine catalyst is clearly 


(al 


| | | 
PhCH,—C—NH—O—C—Ph — > 


heat 
benzene 


tb) О 


H,07 


23.70 


23.71 


indicated. (Hint: The role of the catalyst is nof to re- 
move the a-proton of the ester; this proton is not 
acidic. Why?) 


A chemist, Mada Meens, treated ammonia with pen- 
tanal in the presence of hydrogen рах and a catalyst in 
the expectation of obtaining i-pentanamine by reductive 
amination. [n addition to |-pentanamine, however, she 
also obtained dipentylamine and tripentylamine (see 
Fig. P23.70). Explain how the by-products are formed. 


Around 1912, Swiss chemist Richard Willstitter (who 
subsequently was awarded the 1915 Nobel Prize in 
Chemistry) treated diamine A with methyl iodide, and 
then with Ag.O and heat, whereupon a hydrocarbon 8, 
CHa. distilled from the reaction mixture. Compound 
В reacted rapidly with Br, under mild conditions. 
Treatment of compound C in the same way gave a hy- 
drocarbon D, C.H,. which did not react with Bra. 


NCH;) 
N(CH4J. | 
(СН,ЬМ 
C 
KOH | 
{1 
> PhCH,NH; + Ph—C—O- Kt 


N—Br + KOH —» ———» HN—CH;CH;—CO,H + CO, 


O 
ici ( 


| | 
H:N—C—CH,CH,—C—N, 


Figure P23.68 


O O OH 


| | ым: 


| | 
H.C=CH—C—OEt + MeCH —— а лыг 


CH; 


Figure P23,69 


catalvst 


CHi CH;4CH—O0 + NH, + Н, = 


Figure P23.70 


CH,(CH;),CH,NH, + [CH CH; CH; [NH + [CHACH h CH hN 
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Identify the two hydrocarbons B and D. and explain their B. Look at the relationship of the nitrogen unshared 
very different behavior toward Br,. (Willstütter con- electron pair to the p orbitals of the benzene ring.) 


cluded trom these observations that compound D could | | | | 
23.74 (See Fig, P23.74.) Amide A. ó-valerolactam, is a typi- 


cal amide with a conjugate-acid pK, of 0.8. The two 


not be an alkene.) 


23.772 Explain the transformations shown in Fig. P23.72 by cyclic tertiary amines B and C also have typical 
showing relevant intermediates, providing analogies to conjugale-acid pK, values. In contrast, the conjugate- 
known reactions. and, where appropriate, giving curved- acid pK, of amide D is unusually high for an amide, 
arrow mechanisms. and it hydrolyzes much more rapidly than other 


| | | — amides. Draw the structure of the conjugate acid of 
23.73 Explain the fact that the amines shown in Fig. P23.73. 


despite their similarities in structure, have considerably 
different basicities. (Hint: Make a model of compound 


amide D, and suggest a reason for both its unusual pK, 
and its rapid hydrolysis. 


(a) Q (8) 
| | HCI 
HN^ “ЫН, xn NaBH, 
меН 


(This reaction can be used to scavenge unwanted nitrous acid.) 


(с) 0 ү 
| + Кел, he; 
Ph—C—CH;CH;—NMe, СІ — Hu Ph—C—CH,CH,—CN 
(d) O 
| 
у] Q 
Мам H0, HOt 
— y 
heal 
(e) " хн, O сн, 
Р oJ - = lads, HC] = | . - 
H.C—C——C—CH, SR нс—с—с—СН, 
| - 
1 
CH, CH, CH, 


Figure P23.72 


o ai d 


А 
conjugate-acid рК: 5.20 7.79 10.95 


Figure P23.73 


á 
La Li 
CHCH; М-и S 
Á B 2 p О 
conjugate-acid рК: 0.8 10.65 10.95 3.33 


Figure P23.74 
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Carbohydrates 


Because of their abundance in the natural world and their importance to living things, sugars 
have been the subject of intense investigation since the earliest days of sclentitic inquiry. Sei- 
entists refer to sugars and their derivatives as сеен еў. As this name implies, most of the 
common sugars have molecular formulas that fit a "hydrate-of-carbon" pattern—that is; a fur- 
mula of the form C Н.О). For example, sucrose (lable sugar) has the formula C H-Q) or 
C,.H..O,,. und both glucose and fructose (sugars prevalent in honey? have the formula 
CHO, or CHLO. This hydrate-of-carbon pattern is more than an apparent relationship. 
Anyone familiar with the conversion of lable sugar into garbon by concentrated H.SO, tor 
anyone who hus made caramel sauce. a less extreme example of the sume phenomenon? has 
witnessed in practice the dehydration of carhohs drates: 


А quarter pound of nice white Jump sugar put into a breakfast cup with the smallest possible dash of 
boiling water and then the addition of plenty of oil of vitriol [ELS] 18 a truly wonderful spectacle. 
and mere instruetive than much reading. to see the white stear turn black, then boil spontaneously. 
and now, rising oul of the cup m solemn Black. it heaves amd throbs as the oil ot vitriol continues its 
work in the lower part of the cup. emitting volumes of steam... [T VW. Pepper. еен AMrrsemenis 
Jor Young People, 863] 


As the result of a more modern understanding of their structures. carbohydrates ure now 
defined as aldehydes and ketones containing a number of hydroxy groups on an unbranched 
carbon chain, as well as their chemical derivatives, 


five соттоп carbohivdrate striettires: 


O=CH—CH—CH—CH -CH—CH.OH HOCH: —EC— CH — Ch it — CHOH 


р, [|1 


OH ОН OH QOH O OH ОН OH 
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Less precisely. but more descripuvely, carbohydrate chemistry can be regarded as the chem- 
istry of sugars and their derivalives, 

Cirbohydrates are among the most abundant organic compounds on the earth. [n polvmer- 
ized form as cellulose. carbohs drates account for 30-80 of the dry weight of plants. Carho- 
hydrates are à major source of food: suerose (table sugar) and lactose (milk sugar) are exam- 
ples. Even the shells of arthropods sugh as lobsters consist largely of carbohydrate, 

The study of carbohydrates relies heavily on the principles of stereochemistry (Chapter 6) 
and on the conformational aspects of cyclohexane rings (Chapter 7}. Therefore. molecular 
models should be very helptul as vou study the material in this chapter, 


Pinan, m, 2 
24.1 CLASSIFICATION AND PROPERTIES OF CARBOHYDRATES 


Carbohydrates ean be classified in several ways, Certain elassilications that are hased on strug- 
Lure are illusurated by the following examples. 


Но. CH — CH — CH —CIH —CH =) HOCH- —CH = СиО 


о | MEN 


I 
OH OU OH ОН он OH CO 
an aldose гане carbonyl sroup? а ketese ketone carbonyl group! 
a Hexese (six carbon atoms | a pentose (five carbon atoms! 
an dfdohexose combination of а йөренә or pentulose combination 
the above classifications? ol the above classifications | 


One type of classilication is bused on the (pe of carbonyl group in the carbohydrate, A 
carbohydrate with an aldehyde carbons I group is called an aldose; а carbohydrate with a ke- 
tone carbons | group is culled a ketose. Carbohydrates can also be classilied by the number of 
carhon atoms they contain. A six-carbon carbohydrate 15 valled a hexose, and a fve-carbon 
carbohydrate ts culled a pentose. These two classifications can be combined: ап aldohexase 
Is an aldose vontaming sis carbon atoms. and а ketopentose is a ketose containing five carbon 
atoms, A Ketose can also be indicated with the suflix ajose: thus. a live-carbon ketose is also 
called à pentulose. 

Another type of clussifigation scheme 1s based on the hydrolysis ef certain carbohydrates 
to simpler carbohydrates. Monosaccharides cannot be converted into simpler carbohydrates 
by hydrolysis. Glucose and fructose are examples of monosaccharides. Sucrose. however, is à 
disaccharide—a compound that can be converted by hydrolysis into two monosuccharides. 


. sla ich Geb enzymes _ үз 
sucrose СНО НО ~ = elucose СНОО + fructose {СН С) (04i 


a disaccharide | _ тотола дт _| 


Likewise. trisaecharides can be hydrolyzed to three monosaccharides. oligosaccharides 10 à 
“few monosaccharides, und polysaccharides to a very large number of monosaccharides, 

Because of their mans hydroxy groups, carbohydrates are very soluble in water. The eise 
With which a large amount of table sugar dissolves in walter to make syrup is an example from 
common experience of carbohydrate solubility. Carbohydrates are virtually insoluble in non- 
polar solvents. 
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FISCHER PROJECTIONS 


Almost all of the carbohydrates are chiral molecules, and most have more than one asymmetric 
carbon. Many carbohydrates have several contiguous asymmetric carbons in an unbranched 
chain. For example. the aldoses have four such carbons, which are indicated by asterisks in the 
following structure: 


+ a} * * 

—— wore не 
OH OH OH OH 
aldohexoses 
four asymmetric carbons (* ) 


To show the stereochemistry of such molecules. we could use line-and-wedge structures. How- 
ever. a simpler system of showing stereochemistry was developed by the German chemist Emil 
Fischer. whose landmark work on the structure of glucose we'll take up in Sec. 24.10. Fischer 
developed a way to represent three-dimensional structures on a two-dimensional surface (paper 
or blackboard) that does not require the use of wedges and dashed wedges. Such structures are 
called Fischer projections. We ll use Fischer projections extensively in this chapter. In this 
section, you il learn how to draw and manipulate Fischer projections. 

To illustrate the process of drawing a Fischer projection, we'll use the 22,34 enantiomer of 
erythrose. an aldotetrose with two asymmetric carbons (Fig. 24.1). You should follow this dis- 
cussion with a molecular model. To represent this molecule in a Fischer projection. arrange the 
molecule in an afi-eclipsed conformation about the C2-C3 bond—the bond connecting the 
two asymmetric carbons. View the molecule as shown by the eye in Fig. 24.1a. Next, impose 
a reference plane containing the C2-C3 bond on the molecule. (This plane will ultimately be 
the plane of the page.) The plane should be oriented so that the other two carbon-carbon bonds 
are receding behind this plane, and the bonds to the OH and H groups are emerging in front of 
this plane. The view seen by the eye is shown in Fig. 24.1b. Finally, we project this structure 
onto the plane—that ts, flatten it into the page—to give the Fischer projection. The asvimmetr- 
ric carbons themselves are not drawn, but are assumed to be located at the intersections of ver- 


we reference memes 


— | CH=0 CH=0 
H, CH=0 Е 
HO ma” ы Н { OH flatten into | 
C rotate 90 ] the plane H OH 
| . > > 
p, Pe H OH 
HO CHOH : 
CHOH CHOH 
(2R,3R)-erythrose viewed 
by the Fischer convention visa the cya ves) Ihe Fischer projection 
{а) th} [c] 


Figure 24.1 How to derive a Fischer projection for an aldotetrose, (a) The eclipsed conformation used to derive 
the projection, with the reference plane perpendicular to the page. (b) The view of the conformation in (a) as seen 
by the eye, The reference plane is now the plane of the page. The groups behind the plane are shown in gray. (c) 
The Fischer projection. The asymmetric carbons are located at the intersection of vertical and horizontal lines. 
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tical and horizontal bonds (Fig. 24.1c). (As one student pointed out, the Fischer projection is 
the way that the molecule would look if we were to put it on the floor and step on it!) 

The following five rules summarize the conventions used in the construction of Fischer 
projections. 


A Fischer projection is based on an eclipsed molecular conformation. 
The bonds connecting the asymmetric carbons are arranged in a vertical line. 
The asymmetric carbons are located at the intersections of vertical and horizontal bonds 


ша Ы e 


and are not drawn explicitly. 

4. Vertical bonds to the asymmetric carbons recede behind the page, away from the ob- 
server in the three-dimensional model. 

5. Horizontal bonds to the asymmetric carbons emerge [rom the page. toward the observer 
in the three-dimensional model. 


In other words, in order for a flat Fischer projection to convey three-dimensional information 
requires a specific viewing mode (rules | and 2) and a strict adherence to a convention about 
the relationship of the horizontal and vertical bonds to the plane of the page (rules 4 and 5). 
Rule 3 alerts us to the fact that we are (ог might he) dealing with а Fischer projection and not 
an "ordinary" Lewis structure. 

To derive the Fischer projection of a molecule with more than two asymmetric carbons, a 
molecule is first placed (or imagined) in an eclipsed conformation in which the chain of asym- 
metric carbons is vertical and curving away from the observer. as if this chain were drawn on 
a convex surface such as a paper cylinder. This conformation is illustrated for the naturally oc- 
curring enantiomer of glucose. an aldohexose, in Fig. 24.2a. The horizontal bonds project 10- 
ward the observer from this surface. All bonds are then projected onto this surface (Fig. 
24.2b). Mentally cutting the cylinder and flattening it gives the Fischer projection (Fig. 24.2c). 

The use of an eclipsed conformation to derive a Fischer projection does not mean that the 
molecule actually has such a conformation. As you've learned, most molecules actually exist 
in staggered conformations (Sec. 2.3). Fischer projections convey ne information about mol- 
ecular conformations. Their only purpose 15 to show the absolute configuration of each asym- 
metric carbon. 


CHO 
ц ОН 
t / H OH 
HO, C 
He “сно HO H 
m => 
ЕЕ. CHOH H— OH 
i, ind 
= A H OH 
Н он 
Н.О 
(а) (b) CH,OH 
ic] 


Figure 24.2 How to derive a Fischer projection for p-glucose, the naturally occurring enantiomer, (а) The 
eclipsed conformation is viewed with the chain of carbons oriented vertically and curving away from the ob- 
server, and the horizontal bonds projecting towards the observer, tb) This view is projected onto an imaginary 
curved cylinder. (c) Mentally cutting the cylinder and flattening it gives the Fischer projection. 
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To derive a three-dimensional model of a molecule from its Fischer projection. reverse the 
process just described. Always remember that the vertical bonds in the Fischer projection ex- 
tend gway from the observer, and the horizontal bands extend famed the observer. 


viewing direction 


CH-—O cH=0 

| à H H 
H—— OH га DII НО | #08 — upper carbon in the 

c | c (E # ther menda (24.2) 
Р Fischer projection 
H OH H =— ОН l Ж. 
| { HOCH. CH= 0) 
CHOH CHOH 
Fischer projection the corresponding linc-and-wedge structures 


For any given molecule, several valid Fischer projections сап be drawn. It is useful to be 
able to draw the ditlerent Fischer projections of a molecule without going back and forth to à 
three-dimenstonal model. For this purpose. some cules for manipulation et Fischer projections 
are helpiul. Be sure to use models to convince vourself of the validity of these rules. 


|. A Fischer projection тах be turned РО in the plane of the paper: 
By this rule, the following two Fischer projections represent the same stereoisomer. 


CH=0 CILOH 
H OH x HO H 
180) ALLOWED (24.3) 
H OH Ho I| 
CH.OH CH=0 


This manipulation is allowed because it leaves horizontal bonds horizontal and vertical 
bonds vertical: therefore. it does not alter the meaning of the Fischer projection. 


3. A Fischer projection may noi be turned 90° in the plane of the page. 


CH=) 
3 Ho H 


H OH 


FORBIDDEN 


НОС CHO RET 
H OH 


id OH OH 
: CHOH 


This manipulation violates the Fischer convention that aH asymmetrie carbons should 
be апеле vertically. When we attempt this operation on à Fischer projection containing 
a унше asymmetric carbon, a further problem becomes evident: 


CH=) QO—CH 
Hu / \ uH 


F ON / € 


Bt CHOJI HOCH, 
У ^ 
11—00) H 

-x (| 
A FORBIDDEN HOCH, / f 


H 
H—— OH ————- аш а = mes ‚д (24.5 
он ХМ 
TS CIELO OH дыш 2 


)H 
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The 90° rotation exchanges horizontal and vertical groups and. in the process, елее 
Verts the original structive into us enanttemer This is disastrous, because the whole idea 
of Fischer projections is to com ey stereochemieal information, The Following mile has a 
similar rationale. 


А. A Fischer projection may not be Пед from the plane of the paper and turned over: 


C HO Chi 
turn over 
Н OH FORBIDDEN FO H 
„т=ш= л. [24.51 
H OH HO H 
CH OH CH OH 


; i 
[| ns 2] 
enantiomers 


4. The three groups at either end of a Fischer projection may be srterchaneed in a evelie 
permutation. Fhar is. oll three groups can be moved at the seme time m a closed Тоор so 
fhe each occupies an аа есет positam. 


CH=) CH) 


H—4i— on ee HOCH, Н Л) 
Y 
ЬЯ CH;OH OH 


ТК CH,OH SIT 
uli mi | 
2 OH — ALLOWED ы OH  uowrp Ос: : А 
————————»- _—-————Шж- (24.8) 
HO H HOCH; OH HOCH, OH 
* J | 
^ CH;OII H H 


Fischer projections ot the same molecule 


This operation t equivalent lo an internal rotation, This point should become clear if 
you convert any one of the structures in Eg. 24.8 inte à model Leaving the model in an 
eclipsed conformation, carry. out. an internal rotation. of 120° about the. central 
curbon—carbon bond as shown by the colored arrows in Eq. 24.8. and then form a new 
Fischer projection from the resulting structure. Each 120° internal rotation is equivalent 
10 one eyclie permutation described by rule 4. A different Fischer projection of the same 
molecule results from each different echipsed conformation. 


5, An interchange of any two of the groups bound to an usvimmetric carbon changes the 
configuration of that carbon, 
(Verify this rule with models.) This rule applies not only to Fischer projections, but also 
to three-dimensional models as well. [t follows that a puir of interchanges leaves the 
configuration of the carbon unaffected: the first interchange changes the conliguration, 
and the second interchange changes the configuration back to the orteinal. In fact. the 
сусе permutation in rule 4 ts equivalent to a pair of interchanges. 
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lt is particularly сах to recognize enantiomers and meso compounds from the appropriate 
Fischer projections. because planes of symmetry in the actual molecules reduce to lines ot 


symmetry in their projections. 


mirror line 


COLE 
CH-—UO CECI 
ki~ or = 
H — OH HO ial | line of symmetry pg 
11 — OF] 
CHOH ООН 
| | dies compound 


The K.5 system can he applied to a Fischer projection without using a model. If the group 
of lowes priority isan either of the two vertical positions; simply apply the ALS priority rules 


Lo the remaining three groups. 


asymmetric carbon 
being examined 


. — group of lowest priority 


—] Is ina vertical position 
| con i eic net ird ead 


(244.10 
ч 

counterclockwise order iy] 

descending priorities; therefore, 

the configuration is S 


This method works beeduse. if the lowest-priority group is im a vertical position im the Fischer 
projection. its oriented awas from the observer as required for application of the priority 


rules. 


[Е the lowest-prioriy group is 10 a horizontal position, proceed in the same manner: but. 
since the molecule is being viewed incorrectly for assigning configuration, reverse the assign- 
ment. (This is 2 rare situation in which to wrongs make a right!) 


 —asymmetric carbon 
being examined 


clockwise order of descending priorities; 
but the view is incorrect; therefore, 
the configuration is 5 


.— group of lowest priority 


7 is ina horizontal position 


EET Là 
P 
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PROBLEMS — 
PROBLEMS 24.1 Draw al least two Fischer projections For each of the following molecules. 


(a) R 5 : (b) 651-2 butanol 
Но — ECH — CH — CH — CHOH 


OH OH GH 


24.2 Indicate whether the structures in each of the following purs are enantiomers, diastereomers, 
or Identical molecules. 


(a) COH CH: 
HO.C CH; HOC OH 
HaC CO.H HO COH 
OH CH, 
tbi CH; E 
Н.М Hon HOC МН. 
Н СН; 


24.3 Which of the following are Fischer projections of a meso compound? 


CHO CHOH H H 
H OH HỌ H HO CILOH  HO—4— CHOH 
H OH H OH HO H H OH 
H OH | HO H HO H HOCH, H 
CH.OH CHOH CHOH OH 
А Н C D 


STRUCTURES OF THE MONOSACCHARIDES 


A. Stereochemistry and Configuration 


We fl consider the stereochemistry of carbohydrates by focustaeg largely on the aldoses with 
six or fewer carbons. The aldohexases have four asymmetric carbons und therefore exist as 27 
or [6 possible stereoisomers. These can be divided into two enantiemerie sets of eight di- 


dsicreooITIerrs. 


ела. I—C€H—lHlI—CH-g 


ОН OH OH. OH 


dulahexoses 
т! — [б ытар мит 


Similarls, there are two enantiomerte sets of four diastereomers teieht stereoisomers totali in 
the aldopentose series. Each diastereomer ts a differen carbohydrate with diferent properties, 
Known by a different name. The aldoses with six or fewer carbons are given im Fig. 24.3 on p. 
1174 их Fischer projections. 


CH=) CH= 46 CH= C GEI— 06 CHI O CH= 0) CH= CH= 0 
оп HO H 1 OH. HO td 11 OH HO b H OH HO HI 
OH H CH] IK) EE HO H LI о H OHO HO H HO — ET 
OH H OH H OTI H OH IIO t| — HO EI HO [1 HG H 
ОН H OH И OH H OH [1 OTI [qi (it HI OH H с] 
ОН CHOH CHOH СЛОН CHLOE CH OH CHOH Се 
0-(+1-аШоѕе b-(+}-altrose D-(4]-glucase D-(-)-manmnose p-(-1-gulase n-(-1-ulose D- EE) -galactase p-Cr)-talose 
CEI— 0) GEE—O CH= Chi) 
E Ct BLO sH H SIE! 19; Ні 
H — ijl ү Оо Lo 11 HO H 
Н CH li Gr li OH i Cl 
CELO ООН CH OH CH GI 
D-(-1-rihose D-(-)-arabinose D-()-xvlose p-(-1-Iyxose 
y ¥ 
CHO “CHO 
HI JEE ae ІІ 
E OH H LH 
CELOH ОН 
п-{—}-егу1һгозе ч (o — tei hthreese 


T CHO 
T at 
CELO 


D-{+)-glyceraldehyde 


Figure 24.3 The p family of aldoses. Each compound shown here has an enantiomer in the | family, The blue arrows show how the aldoses are related by the 
Kiliani- Fischer synthesis (Sec. 24.9}. 
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Each of the monosaccharides in Fig. 24.3 has an enantiomer. For example, the two enan- 
tomers of glucose have the following structures: 


CH=O CHO 
| OH поси 
HO H | OH 
$ Oli HO T 
H OH HO Н 

CHOH CHOH 


enantiomers of glucose 


IL is important te specify the enantiomers of carbohydrates in à «imple way. Suppose vou have 
a model of one of these glucose enantiomers in your Band: how would you explain to some- 
one who cannot see the model (for example. over the telephone) which enantiomer you are 
holding? You could use the ALS system to describe the vonfiguration of one or more of the 
asymmetric carbon atoms. A different ss stem. however. was in use long before the ALS system 
was established. The ру. system, which came from proposals made in 1906 by a New York 
University chemist, М. A. Rosanott. is sti used today for this purpose, As this system is up- 
pied to carbohydrates, the configuration of a carbohydrate enantiomer is specified by apply- 
ing the following conventions: 


|. The configuration of the naturally occurring triose (+ )glyceraldehsie is designated as 
D. and the configuration ol ils enantiomer t ieglyceraldehyde, is designated as 1. The 
OH group in the D-stereotsomer is on the right when the CH=© group its in the upper 
vertical position and the CH.OH group in the lower vertieal position. 


CHO CH-O 
H OH HO H 
CH.OH CH-OH 


b-(+)-glyceraldehyde = 1-(-}-glyceraldehyde 


The Basis for the use of the letters pandi was simply the fact that the D stereorsomer of 
glyceraldehyde is dextrorotatory and the т. stereoisomer is levorotators. As with the ALS 
s stem, however, there is no general correlation between configuration and the sien of 
optical rotation. 

2. The other aldoses or Ketoses are written in a Fischer projection with their carbon atoms 
in a straight vertical line, and the carbons are numbered consecutively as they would be 
In s¥SlUMatiC nemenctature, so that the carbonyl carbon receives the lowest possible 
number. 

А. The asvaunctric carbon af highest number is designated as a reference carbon. Wis 
carbon has the Н, ОН, and СН.ОН groups in the same relative configuration as the same 
three groups of D-elyceraldehyde, the carbohydrate is said to have the D configuration. 
[F this carbon has the same configuration as |-elveeraldehvde. the carbohydrate ix said 
to have the r configuration. 


The application of these conventions is illustrated in Study Problem 24.1. 


1176 CHAPTER 24 * CARBOHYDRATES 


| Study Problem 24.1 


Determine whether the following carbohydrate derivative, shown in Fischer projection, has the p 


or L configuration. 


COH 


Solution First redraw the structure so that the carbon with the lowest number in substitutive 
nomenclature—the carbon of the carboxylic acid group—is at the top. This can be done by rotat- 
ing the structure 180° in the plane of the page. Then carry out a cyclic permutation of the three 
groups at the bottom so that all carbons lie in a vertical line. Recall from Sec. 24.2 that these are 
allowed manipulations of Fischer projections. 


OH CO;H 
HOCH; H 
H OH 
HO H 
COH CHOH 


Finally, compare the configuration of the highest-numbered asymmetric carbon with that of 
D-glyceraldehyde. Because the configuration is different, the molecule has the L configuration. 


CH—O 
H OH 
CH;OH CHOH 
D-glyceraldehyde therefore TL canfiguration 


The monosacchandes shown in Fig. 24.3 constitute the D family of enantiomers. Each of the com- 
pounds in this figure has an enantiomer with the L configuration. This figure illustrates the point that 
there is no general correspondence between configuration and the sign of the optical rotation (see 
Sec. 6.3C). For example, some p-aldoses have positive rotations. but others have negative rotations. 
Also, there is no simple relationship between the DL system and the RS system. The R.S system is 
used to specify the configuration of each asymmetric carbon atom in a molecule, but fhe DLL system 
specifies a particular enantiomer of a molecule that might contain many asymmetrie carbons. 

An annoying aspect of the D.L system is that each diastereomer is given a different nonsys- 
tematic name. This is one reason that the D.L system has been generally replaced with the R.S 
system, which can be used with systematic nomenclature. Nevertheless, the common names 
of many carbohydrates are so well entrenched that they remain important. Although use of the 
D.L system is fairly straightforward for carbohydrates and amino acids, it has been virtually 
abandoned for other compounds. 
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A [ew of the aldoses in Fig. 24.3 are particularly important, and vou will find i helpful to 
learn their structures. p-Oluücese. p-manmose; amd D-galactose are the most importam aldohes- 
mses because el their wide natural eccurrenee. The structures of the latter bo aldoses are easy 
to remember once the structure of glucose is learned. because their configurations differ in a 
simple way from the confieurabion of исо, p-Glucose and b-mannose dither in configura- 
поп only at carbon-2: p-glucese and b-galuctose differ only at carbon-J. Diastereomers that 
differ in contiguration at onb one of several asymmetric carbons are culled epimers, Hence. 
pelueose amd D-mannose ато ернек al carhon- 2: bo-glucose and b-guluctose are egimeric at 
carbon-4. 

p-Ribose is à particularly important aldopentose: its struetüre is easy to remeniber because 
all of its — OH groups are on the right in the standard Fischer projection. 

D-Fructose b an important naturally eccurring ketose: 


CH.:OH 
= 
Ho li 
H OH 
11 OH 
CILOH 


DpD-fructose 


Notice that carbons 3. 4. and 3 af b-fructose have the same stereochemical confieurauon as 
carbons 3. 4. and 5 of b-glucose. 


NOUS 24.4 Classify each of the following alduses as D or t. 


"T СН=0 (b) the glucose enantiomer with the А configuration at carbon-3. 
H OT 
HO H 
H OH 
H,C H 
QH 


6-deoxyglucose 


24.5 Which pair of the following aldoses are epimers and which pair are enantiomers? 


CH —O OH OH 
[I OH O=CH H 
HO H HO H 
H OH H OH 
H CH.OH HO CH,OH 
OH H 
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B. Cyclic Structures of the Monosaccharides 


Recall from Sec. 19,10 that y- or o-hydroxv aldehydes exist predominantly. as сус hemi- 


сеат. 
HÖ H 
(} 
Н — CH— CH.CH-CH;— CH=O0O ж” [ok i24. 12 
SIT CI 
HO H 
җ. 
. " | | | | f () 
HiC— CH— CHLCH.— CH=O ж” 124. L2 hi 
| 
OH CH: 


The same is true of aldoses and ketoses. Although monosaccharides are often written by con- 
vention as aes lic carbonyl compounds, they exist predominantly as cycle acetals. Fer exam- 
ple. in aqueous solution, glucose consists of about 0,003 aldehyde and a trace of the hydrate: 
the rest—more than 99.90% —ts eyche hemiaceiais, 

[n many carbohydrates both Hye- and six-membered exclie hemiacetals are possible. de- 
pending on which hydroxy group undergoes cyclization, 


fp СН —— 
/ | 
H CH— OH \ HO H 
«—À | 
О \ CH— OH 4.13) 
Ар X | 
CH— OH 1 —— at— on | LO 
| ; CH-OH 
CILOH ЕМ j 910 


[uranase torm pyramose form 


| 
CHOH 


aldehyde torm 


A five-membered eyche acetal Form of a carbohydrate is called a furanose (atter turan. a tive- 
membered oxygen heteroes cle: a six-membered cyclic acetal form ef a carbohydrate is called 
а pyranose (atter pyran. а six-membered oxveen heferoeyele і. 


m 
(YC 
Q “о 
furan pyran 


The aldohiexoses and aldopentoses exist predominantly as pyranoses in agueous solution. but 
the Furanose forms of some carbohydrates are important, 

А name such as gucose is used when reterring loans or all forms of the carbohydrate, To 
name а сус henmaeetal form of à carbohs drate, start with a prelia derived from the name of the 
carbohydrate (for example. кїнє for glucose. menno lor mannose? followed by a suffix that in- 


$ 


Further Exploration 24.1 
Nomenclature of 
Anamers 
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dicates the type of hemiacetal ring (pyremnese l'orasix-membered ring: franose for a tive-mem- 
bered ring). Thus, a six-membered сусе hemiacetal form of b-giucose is called p-glucops ra- 
nose; d five-membered evche hemiaeetal form of D-mannose is called p-mannefuranose, 

Although the eyele structures of aldoses were originally proved by chemical degradations. 
these eyele structures are readily apparent today from NMR spectroscopy, For example. the 
wdehy die proton resonunee of glucose in the 69-10 region of its proton NMR spectrum is too 
weak to detect under ordinary circumstances, vet there is a doublet at 65.2 corresponding to 
а proten ce to twa oy uens: rhe proton at carbon-] of the pyranese structure. Similari. in the 
UC NMR spectra of aldoses. the resonance of earbon-l occurs at about 6 92. which is very 
similar te the analogous carbons m acetals. There is no evidence of a столу! absorption near 
e 200. 


Anomers  /hefuranese or peranose fora ofa curbefivdrate has ene more asvimetric car- 
hen than the open-chaimn fori 


carbon- ]. m the ease of the aldoses, Thus. there are two pos- 
sible diastereomers of p-glucapyranose. 


one additional 
asymmetric carbon 
(the anomeric carbon) 


H Oi П OH 
016 Н Н: Н (24.14) 
H—1— OH H OH 
H === H (7 
| 
CILOH CHO CELOH 
rr-Anomer D-anemer 


anomers of D-glucopyranose 


(The rings in the Fischer projections of these eyele compounds are closed with a rather 
strange-looking long bond. We ll leam shortly how to draw more conventional representations 
of these eselie structures.) Both of these compounds are forms of D-pglucopyranose. and in 
act. glucose in solution exists as а mixture of both. They are diastereomers and are therefore 
separable compounds with different properties. When two суси Forms of a carbohydrate alif- 
fer in configuration only at their hemiacetal carbons. they are said to be anomers. [n other 
words. anomers are exelie forms of carbohydrates that ure epimeric at the hemiacetal carbon. 
Thus, the two forms of p-glucopyranese are anomers of glucose. The hemiacetal carbon tear- 
hon- T of an aldese? is sometimes called the anomeric carbon, 

As the preceding structures illustrate; anomers are named with the Greek letters ec and B. 
This nomenclature refers to the Fischer projection of the evelic term of a carbohs drate. written 
with all carbon atoms in a straight vertical line. fa the a-cnomer rhe Heiiacetal —0H group is 
an the same side ef the Fischer projection as the oxygen at the coufieurational carbon. (The 
configurational carbon is the one used for specifying the m. designation: for example. carbon- 
5 for the aldohexoeses.à Conversely. in the B-anomer, the hemiacetal — OH group is on the side 
af the Fischer projection opposite the oxygen al the configurational carbon. The application of 
these definitions to the nomenclature of the -2]ucopy ranose anomers às as follow s: 
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anomeric carbon 


C] and C5 oxygens are 
on opposite sides of the | (24.15) 
Fischer projection 


| | Cl and C5 oxygens are 
——| on the same side of the HO 
Fischer projection 


c EE. буйый гый ——— 


CH;OH carbon CHOH 
"-anomer B-anomer 
a-D-glucopyranose B.-b-glucopyranose 


Conformational Representations of Pyranoses Since Fischer projections contain no 
information about the conformations of carbohydrates, it is important to relate Fischer projec- 
lions to conformational representations of the carbohydrates. Study Problem 24.2 shows how 
to establish this relationship in a systematic manner for the pyranoses. 


Study Problem 24.2 
- Convert the Fischer projection of B-b-glucopyranose into a chair conformation. 


Solution First redraw the Fischer projection for 8-b-glucopyranose in an equivalent Fischer 
projection in which the ring oxygen is in a down position. This is done by using a cyclic permuta- 
tion of the groups on carbon-5, an allowed manipulation of Fischer projections (Eq. 24.8, p. 1171). 


etis = 
Recall that the carbon backbone of such a Fischer projection is imagined to be folded around a 
barrel or drum (Fig. 24.2b, p. 1169). Such an interpretation of the Fischer projection of 8-p-glu- 
copyranose yields the following structure, in which the ring lies in a plane that emerges from the 
page. (The ring hydrogens are not shown.) 


ring oxygen is in the 


right rear position 
HOCH, 
o" 5 


OQ’ OH 


a anomeric carbon 
| is on the right 


HG 


Haworth projection 
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When the plane of the ring is turned 90° so that the anomeric carbon is on the right and the ring 
oxygen is in the rear, the groups in up positions are those that are on the /eft in the Fischer projec- 
tion; the groups in down positions are those that are on the righr in the Fischer projection. А pla- 
nar structure of this sort is called a Haworth projection. In a Haworth projection, the ring is 
drawn in a plane at right angles to the page and the positions of the substituents are indicated with 
up or down bonds. The shaded honds are in front of the page, and the others are in back. 

A Haworth projection does not indicate the conformation of the ring. Six-membered carbohy- 
drate rings resemble substituted cyclohexanes, and, like substituted cyclohexanes, they exist in 
chair conformations, Thus, to complete the conformational representation of B-p-glucopyranose. 
draw either one of the two chair conformations in which the anomeric carbon and the ring oxygen 
are in the same relative positions as they are in the preceding Haworth projection. Then place up 
and down groups in axial or equatorial positions, as appropriate. 


anomeric CH,OH OH anomeric 
HOCH; T carbon ; carbon 


OH = 


OH OH 


Remember: Although the chair interconversion changes equatorial groups to axial, and vice versa, 
it does not change whether a group is up or down. Consequently, it doesn't matter which of the 
two possible chair conformations you draw first. Once you have drawn one chair conformation 
and convened it into the other. you can then decide which is the more stable conformation. For 
B-b-glucopyranose, the more stable conformation is the one оп the left because all of the OH 
groups are equatorial. 


To summarize the conclusions of Study Problem 24.2: When a carbohydrate ring is drawn 
with the anomeric carbon on the right and the ring oxygen in the rear, substituents that are on 
the left in the Fischer projection are up in either the Haworth projection or the chair structures: 
groups that are on the right in the Fischer projection are down in either the Haworth projection 
or the chair structures. 

Although the five-membered rings of furanoses are nonplanar, they are close enough to pla- 
narity that Haworth projections are good approximations to their actual structures. Haworth 
projections are frequently used for furanoses for this reason. Thus, a Haworth projection of B- 
b-riboturanose is derived as follows: 


HOCH, OH 
О 


OH —— 124.16} 
ОН ОН 


„т oL о 


B-p-ribofuranose 
(Haworth projection) 


й 


~ CHOH О 


The Haworth projection is named for Sir Walter Norman Haworth (1883-1950), a noted British car- 
bohydrate chemist who carried out important research on the cyclic structures of carbohydrates. Ha- 
worth received the Nobel Prize in Cheinistry in 1937 and was knighted in 1947. 
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Although the procedure in Study Problem 24.2 сап be used for any carbohydrate. in some 
cases it is sometimes simpler to derive a evelie structure from its relationship to another cyclic 
structure. First, notice that the structure of -b-sTucopsranose 18 easy to remember because, im 
the more stable chair conformation, all ring substituents are equatorial (Study Problem 24.2), 
Suppose. now, Шш we want to draw the conformation of 8-b-galaetopvranose. Because 
D-galactose and p-giucose are epimers at carbon, the conformational representation of B-D- 
ealactopyranose can be quickls derived by interchanging the —H and — OH groups at carbon- 
4 of B-b-glucopyranose. 


Н . Ol] 
CH OH x С H SS 
| m i) ore 
nd RSMEN 
HO OH "iG МІ 
OH ut 
Hi 
B-b-glucopyranose f-D-galactopyranose 


Likewise. because mannose and glucose are epimeric at carbon-2.. the structure of a 
p-mannopyranose сап be simply derived by interchanging the — H and —OH groups at var- 
hon-2 of the corresponding p-glucopyranose structure. 

Samelimes it becomes necessary to draw the conformation of a carbohivdrate that either is 
а misture of anomers or is of uncertain anomeric composition, Im such cases. the eontigura- 
ton at the anomeric carbon ts represented by a “squigely bond.” 


the squiggly bond indicates 
mixed or uncertain 
anomeric composition 


CELOH, 
O- 


HO OTI 
OH 


PROBLEMS 3 E — : 
24.6 Draw a Fischer projection, a Haworth projection, and. for the ругапоҳех. a chair structure for 


each of the following compounds. 

(а) a-D-glucopyranose 

(b) B-b-mannopyranose 

(c) B-p-xylofuranose 

(d) a-D-fructopyranose (The structure of D-fructose, a ketose, is given on p. 1177.) 
(e) a-L-glucopyranose 

(f) a mixture of the a- and fjà-anomers of L-glucapyranosc. 


24.7 Name each of the following aldoses. En part (a). work back to the Fischer proyecuion and con- 
sult Fig. 24.3. In part (b. decide which carbons have configurations different trom those of 
glucose, and which have the same configurations: then use Fig. 24.3. 


(a) HOCH, b! OH 
: L0 | CHOH, 


DH 


OH ОН OH H 
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MUTAROTATION OF CARBOHYDRATES 


When pure a-p-glucopy ranose is dissolved in water, ths specific rotutian is found to be £112 
deerees mL g ! dm |. With time. however, the specifie rotation of the solution decreases, ulti- 
matel reaching а stable value of 52.7 degrees mL g^! din. When pure f-b-glucopyranose 
is dissolved in water. it has a specitic rotation of + [8,7 degrees ml. & Отт, The specilie ro- 
tution of this solution increases with time, alse to 752,7 degrees mL g^! dma! This change 
of optical rotation with ume is called mutarotation Comite. Meaning change Nutarotation 
abso occurs when pure anomers of other carbohydrates are dissolved in aqueous solution. 

The mutarotation of glucose is caused by the com ersion of the ee and 6-glucopyranose 
anomers into an equilibrium mixture of both. The same equilibrium mixture is formed. as il 
тиў Ве. from either pure a-D-glücopyranose or fS-UD-glucopyranose. Mutarotation is catalyzed 
by both acid and base. but it alse occurs slowly in pure water, 


HOUI. O HOCH.: T 
HO id or base HON А 
NWO ee eo HO- | ОН (24.181 

Ou Hao OH. 

OH H 
(a -anemer [i-anomer 

jp +112 degrees ml g I d: ! (ай; 187 degrees ml. g dm | 
equilibrium mixture: [оа] = +52.7 degree mL g^ Чп" 


Mutarotation is characteristic of the evefic Лелеге forms of glucose: an aldehyde can- 
not undergo mutarotalion, because an aldehyde carbon is not an asymmetric carbon, Mutaro- 
lion Was one of the phenomena thal suggested to early carbohydrate chemists that aüldoses 
might exist и» eyele hemiacetals. 

Mittaratation occurs, first, by opening of the pyranose ring lo the free aldehyde form, This 
is nothing more than the reverse of hemiacetal formation (See. [9.10À). Then a 180^ rotation 
about the carbon-carbon bond to the carbonyl group permits reelosure of the hemiacetal ring 
by the reaction of the hydroxy group at the opposite face of the carbonyl carbon. 


opening of 
| the hemiacetal 


HOCH; о, HOCH) ug 
HO” — n . g HO MUN uen 
T Ia uar 0H] -H 
HOM аы e— $s — qe | " 
OH OHI 
CH I O 
tF- AITITE 
180° 
internal rotation | 
closing of the 
| hemiacetal 
| | HO 1. 5 
Ol At or TOE 
HO EAM dw OH 
HO- pus as VIT 
(P HI 


Lines | 
B j [24.183 
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The mutarotation of elucose is due almost entirely lo the interconversion of its DS 0 руги- 
nose forms. Other carbohydrates undergo more complex mutarotations. An example of this 
behavior is provided by p-fructose. a Z-ketohexose. The structures of the esefie hemiacetal 


lorms of pefructose can be derived [rem 


described in See. 24.3B (sec also Problem 2. 6dY 


nu OH 
| =O 
MES. H^ 
-OH | I 
| 
OH, / H 


CH УН —— this oxygen is involved 
in pyranose formation 
D-fructose 


It happens that the erystalline Tarm of p-fruüctese 1s B-D- 


its carbonyl] (Кепе torm using the methods 


i 
а [ 
OH; 
T 
OH —— this oxygen is involved 
in furanose formation 


CHOH 


D-fructose 


fructepsranese, When crystals of this 


form are dissolved in water i equilibrates to both pyranose and furanese forms. 


OH CHHT 
f ese “CHOW oe 
+ + 
LM aun “ LLM T 
Oi! OH 
OH OH 
B-n-fructopyranose re-D-fructapyranase 
iSe i] jp Mr 
HO I. OH TOUTT- ILOH 
а 


CILOH 


PH 


Н 


B-n-fructatfirranose 


КЕЛ 


&-D-fructeluranose 


Er TE 


һе ШТ 


Glucose in solution also сотах Puranose forms, but these are present in yery small amounts 


about 0.2457 each. 


The toregoing discussion shows that a single hexose can exist in at least fiie 


мат: the 


acvelie aldehyde or ketone Form, the e- and BS-pyranose forms. and the e- and g-ruranose 
farms. We've also dearmed that these forms are im equilibrium in agueous solution. Modern 
lechnigues, particularly NMR spectroscopy, have enabled chemists to determine for mans car- 
bohy drues the amounts of the different forms that are present at equilibrium. The results for 


«ome monosaccharides are summartzed in Table 24.1. 
Some general conclusions Fram this table are: 


1. Most aldohexoeses and aldopentoses exist primarily as pyranoses. although a few have 


SHEDS LED amounts ol игала Forms. 
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гы 


. Most monosaccharides contain relatively small amounts of their noncyclic carbonyl 
forms. 

3, Mixtures of a- and B-anomers are usually found. although the exact amounts of each 

vary [rom case to case. 


The fraction of any form in solution at equilibrium is determined by its stability relative to that 
of all other forms. To predict the data in Table 24.] for a given monosaecharide would require an 
understanding of all the factors that contribute to the stability or instability of every one of its iso- 
meric forms in aqueous solution. In some cases, though. the principles of cyclohexane conforma- 
попа] analysis (Secs. 7.3 and 7.4) can be applied, as Problem 24.10 illustrates. 


PROBLEMS "" ats i 
24.8 Using the curved-arrow notation. fill in the details for acid-catalyzed mutarotation of glu- 
copyranose shown in Eq. 24.19. Begin by protonating the ring oxygen. 


24.9 Using the curved-arrow notation, fill in the details for base-catalyzed mutarotation of glu- 
| copyranose. Begin by removing a proton from the hydroxy group at carbon-1. 

24.10 Consider the §-p-pyranose forms of glucose and talose (Fig. 24.3, p. 1174). Suggest one 
reason why talose contains a smaller fraction of f-pyranose form than glucose. 

24.11 Draw a conformational representation of: 
(a) B-b-allopvranose (Б) a-b-1dofuranose 

24.12 From the specific rotations shown in Eg. 24.18, calculate the percentages of a- and B-Dp- 
glucopyranose present at equilibrium. ( Assume that the amounts of aldehyde and furanose 
forms are negligible.) Compare your answer to the data given in Table 24.1. 


TABLE 24.1 Compositions of Monosaccharides at Equilibrium in Aqueous Solution at 40 *C 


Percent at equilibrium 


pyranose furanose 

— aldehyde 
Sugar a В cr B or ketone 
p-giucose 36 64 - trace* | 0.003 
p-galactose* 27-36 64-73 trace trace 
D-mannose 68 32 trace 0 trace 
p-allose 18 7ü 5 ? 
p-altrose 27 40 20 i3 
p-idose* 39 36 11 14 
p-talose 40 29 20 11 
p-arabinose? 63 34 3 
p-xylose a? 63 
b-ribose 20 56 6 18 0.02 
p-fructose 0-3 57-75 4-9 21-31 0.25 


“In 1096 aqueous dioxane, glucose contains 0.1-0.2% of each furanose. 
Tat 25 "C, galactose contains 2995 a-pyranose, 64% /3-ругапоѕе, 3% e-furanose, and 4% B-furanose. 
¥25 °C 

Sat 25 °C, arabinose contains 60% п-ругапоѕе, 35% B-pyranose, 3% a-furanose, and 2% B-furanose. 
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BASE-CATALYZED ISOMERIZATION 
OF ALDOSES AND KETOSES 


CH= 
HI OH 
HO H 
il Oll 
II ОН 
CHOH 
D-glucose 


In hase. aldoses and ketoses rapidly equilibrate to mixtures of other aldoses and ketoses. 


CH =O CH =O (HOH 
OH И И li (= {} 
tis М HO HO ———H HO H 
Car Fi . 
———— т + traces of other 
oH H OH H Oli — compounds 
T == OH H OH 
CHO] CHI CH-OH 
recovered D-mannose D-fructose 
n-glucose MERA 2 dy (29-31) (24.21) 
КРЕ 
This rransformation is an example of the Lobry de Bruyn-Alberda van Ekenstein reaction, 
named for two Duleh chemists. Cornelius. Adriaan van Troostenbery Lobry de Bruyn 


(18357 1904) and Willem Alberda van Ekenstein (18558-19071. Despite its rather formidable 
name, this reaction is a relatively simple one that is closely related to processes vou have al- 
ready studie. 

Although glucose in solution exists mostly 1n its eyele hemiacetal forma. it is also in equi- 
librum with a small amount of tts aewelic aldehyde form, This aldehyde, like other carbonyl 
compounds with a-hydrogens. топле to give small amounts of tts enolate топ in base, Proto- 
nation of this enolate ton at one face ot the double bond gives back glucose: protonation at lhe 
ather face gives mannose. This is much like the process shown in Eq. 22.8, p. 1032. 


CE О: cuo: C 1—0 H CHO 
. E " 
нё: Ун — OH = BEN C. -OH HO -H ~- HOH 
HO Hg иш ч —» won ж” 110) [1 
H OL 11 OH lI UH 
H OH OH 11 OH П OH 
CHOH CH OH CHOH CHOH 
an enolate ton 
n-glucose D-mannose 


The enolate jon can also be protonated on oxygen to give a new enol. called an enediol An 
enediol contains a hydroxy group at each end of a double bond. The enediol derived from glu- 
cose is simultaneously the enol of not only the Шохе glucose and mannose bul also the ke- 
Lose fructose. 


24 5 BASE-CATALYZED ISOMERIZATION OF ALDOSES AND KETOSES 


" 6x 
Hc-—O0 HC—O 
uo 78x am 2 
HG: ]]—t€— ОН а =й 
glucose or 
лаппа 
OR „ӨН 
[C ELEC: 
| E 
oe 0 -> por m 
"a ZEN 02: 
Р. 
и 
eredi 
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HcC—0O0 H —OH [C — OH 
| А 7 .. 
-——- C—O == бене YO 
| 
enolate ion enedio! 
T H— Öl 424 21! 
ОН ү. 
нс H—OH OH 
| uu 
— фә a a CH, | 10011 
enolate in е 
+ H -OH fructose 
Е (24, ЛАВ 


Such base-calaly zed epimerizations and aidoese-ketose equilibria need not stop at carben-2, 
l'or example; D-fructose epimerizes at carbon-3 on prolonged treatment with base, (Why?) 

Several transformations of this type are important in metabolism. One such reaction, the 
com er«ion of p-glucose-6-phosphate into p-fructase-6-phosphate, occurs ti the breakdown of 
D-glucose (glycolysis), the series of reactions by which p-glucose is utilized as a food source. 
Because biechemical reactions occur near pH 7, too little Bydroxide ton is present to gatalyze 
the reaction. Instead, the reaction is catalyzed by an enzyme. p-glücose-6-phosphate iso- 
merase, and the enzyme-culalyzed reaction also involves an enediol intermediate. 


CH-—O CH«OH 
| 
| 
Н -OH c=0 
HG H i glucose h- phosphate 1С} IT 
ESTs! Le Ve | 
тс == aya 
T oH H OH ew 
Н (M Н OH 
CH.OPOZ CH;OPO 


D-glucose-6-phosphate 


D-fructose-6-phosphate 


The conversion of p-glucose derived from corn into D-fructose is also an enzyme-cataly ed 
process that undoubtedly involves reactions that are similar if not identical. This conversion 1% 
central to the commercial production of high-fructose corn syrup, a widely used sweetener, 


2-ketose. 
(a) D-galactase 


PROBLEM : 
| PROBLEM | 24.13 Into what other aldose and 2-ketase would each of the following aldoses be transformed on 
treatment with base? Give the structure and name of the aldose, and the structure of the 


(b) b-allose 
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GLYCOSIDES 


Most monosaccharides react with alcohols under acidte conditions to yield суси acetals. 


FIOCH: T 
но | 
по МУ Sin enon — 


OH 


D-glucose 


HOCI. E 8 о 
15200 К ; tor ERS 
S ) E 
HO NM но МЫН 
OH | OH 
OCH, 11 
methyl e-r-glucopyranoside methyl 6-p-glucopyranoside 
МА SW viel: separated by (fractional ervstallizanieoni (24.741 


Such compounds are called glyeosides. Thes are special types of acctals in which one of the 
oxyeens of the acetal group is the ring oxygen ol the py ranose or furanose, 


Eb! Е ^ acetal group 


-— 


OR 


Contrast the reaction of a cyclic hemtacelal (such as gluceps ranose! with the correspond- 
Ing reaction of an ordinan aldehyde under the same conditions: 


Givcostde frination: 


| one —OR group 15 incorporated ] 


HOCH, HOCH, 


TEN ыа ДА О 


A : 
НО) 1974 HO VOR 
OH 


CI 


Гоғтанот of an aldehivde acetal: 


| two —OR groups: ате Бера | 


| 


acid 
—uUH-00 + 2ROH ж” —CH—OR + HQ (S. Ohh) 


As Eqs. 224.262 and 24.26b show. à eyele hemraeetal such as elucopyranose incorporates one 
Weeho] - OR group. whereas an ordinary aldehyde incorporates two ОК groups. This dil- 
ference between aldoses and ordinary. aldehydes is another reason that early carbohs drate 
chemists suspected that aldoses exist as evel: hBemiacetals. 
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AS lusteated in Eq. 24:25. gh eosides are named as derivatives of the parent carbohydrate. 
The term pyraneside indicates that the glycoside ring is stà-membered. The term Brrenoside 
Is used tor a five-membered ring. 

Glycoside formation. Hike acetal formation. is catalyzed by acid and involves an ce-alkoxs 
carbocation Intermediate (Sec. 19.6), 


ELS à: LOT HG qe MN 
IO xe HO NF ОҢ. 
)H OM 7 
CIT 
ПОН. T ore Y 
ая отм V Hoc No N 

ноа ee нуу 

STUDY GUIDE LINK 24.1 ОН ОН 

Acid Catalysis of j 
Carbohydrate | 
Reactions in o alkoxy carbocation fe. жт 
919197 e <, Ж ӨР T 
НО 5—7 ^ | 14 I [aac L " Hox AX N i 
HO OCH; П OCH, 
CH OH 
HI 11 
methyl B-i-glycopyranoside 
Н reaction at the 
upper [ace = 
HOCH. ao шй сей + HOCH, (24. 77h) 


НОУ 
oe diu m 


on 


carbocation :OCH reactiol | 
Iram Ey, 24,274 | lower fa 
H Y 
HOCH. T ПОН. T 
—7 Nem — Nn a 
[[O^7 X -«————- Fn" і" х 
HO on Н HOCH LO à En 
OH Y / OH 
ET d (OCH. 
Н methyl @т-1з-рїшсоругапов1йе 
as 


Like ether acetals, glycosides are stable fe Реле, but; m dilute aqueous acid. thes are hs- 
drol zed buck to their parent carbohydrates, 


HOCH, i I 


A wt № ‚ыз е. Но Ae A + HOCH; 14.28) 
HO - Kam OCH; HO З oH 


OH 


1190 


PROBLEMS | 


CHAPTER 24 * CARBOHYORATES 


HOCH, | 
4 = ! s -Q CH AH 
HO = b 

WEM Le NEM liei 

r ^ | — хап 
| OH D rom extract et willow bark) 
OH H Чу 

O ОН » 


С СНОП 


OL | doxorubicin 
ian antitumor drug) 


Figure 24.4 Two naturally occurring glycosides of medicinal interest, The carbohydrate part of each glycoside is 
shown in red. 


Many compounds occur naturally as glycosides; two examples are shown in Fig. 24.4. In 
addition, glveoside formation plays an important role in the removal of some chenieals from 
the body. In this process, a carbohydrate is joined to an — OH group of the substance to he re- 
moved. The added earbohs drale group makes the substanee more soluble in water and. henee, 
more easily exereted. 

Like simple meths1 givcostdes. the glycoside of à natural product ean be hydrolyzed to its 
component alcohol or phenol and earbahy drate. 


HOCH: НОСИ. 
Q M ee ) 
HO w L Heat HO ^ | е 
Li : » "S = { IJ X 
OH | OH \ 


а бы ULM Seem Заа 
— x converted into an alcohol or phenol -——— — 


24.14 (а) Name the following glycoside. 


| CH-OH 
gr 6. 
OH 
OH H 


(b) Into what products will this glycoside be hydrolyzed in ayueous acid? 


Ht 
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24.15 Vanillin (the natural vanilla Bavoring) occurs in nature as а B-glycoside of glucose. Suggest 
à structure for this glycoside. 


CHO 
HO СН=0 


vanillin 


74.16 Draw structures for: 
(a) methyl B-p-fructofuranoside (D) isopropyl e-Dp-galactopyranoside 


ETHER AND ESTER DERIVATIVES OF CARBOHYDRATES 


Because carbohydrates vontam many — OH groups. carbohydrates undergo many of the reac- 
lions of aleohols, One such reaction is ether formation. [n the presence of concentrated hase. 
carbohydrates are converted into ethers by reactive alky lating agents such as dimethyl sulfate. 
meths | iodide, or benzyl chloride. 


І i} 
HOCH: у | 
Hon wem з E , "NN ыа]. NacH 1 
| — n - ла к-он Yo. 
O11 @ 


dimethyl sulfate 
age Faq. 10,210, р, 4481 


О 
CHLOGH: у | 
CHO ee OCT, | 
OCH, | v 


methyl 2,3,4,6-tetra- 
O-methyl-n-glucopyranoside 


(Notige that the ethers are named as O-alkyl derivatives of the carbohydrates.) These reactions 
are examples of the Williamson ether synthesis (Sec. LLIAJ The Williamson synthesis with 
most alcohols requires a base stronger than OH to form the conjugite-base alkoxide, The hy- 
droxy groups of carbohydrates, however are more acidic (pA, = E2rithan those of ordinary al- 
cohols. (The higher acidity of carbohydrate hydrexs groups is attributable to the polar effect of 
the mans neighboring oxygens in the molecule.) Consequenth. substantial concentrations of 
their conjugate-hase alkoxide ions are formed in concentrated. NaOH. A large excess of the 
alkylating reagent is used because hydroxide isell. present in large excess, also reacts with 
alkylating agents. Little or no biase-catalyzed epimerization (Sec. 24,8) is observed in this reac- 
tion despite the strongly basic conditions used. Ex Меп. alkylation of the hydroxy group at 
the anomeric carbon is much faster than epimenization; Once this oxygen is alkylated, epimer- 
ization can ne longer occur (Why?) 

Other reagents used to form methyl ethers of carbohydrates include CH ,[/Ag,O. and the 
strongly basic Мм tsodium amide? in liquid NH, followed by ЄН]. 
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Remember that the alkoxy group at the anomeric carbon is different [rom the other alkoxy 
groups in an alkylated carbohydrate because it 15 part of the glycosidic linkage. Because it 15 
an acetal, it can be hydrolyzed in aqueous acid under mild conditions: 


CH,OCH, CH,OCH; 


| О i | о 
CH;O + Ho 195 CHO | + CHOH (2431) 
CH;O en OCH, CH,0—-— ^ Yo OH 
OCH; OCH, 


The other alkoxy groups are ordinary ethers and do not hydrolyze under these conditions, 
They require much harsher conditions for cleavage (Sec. 11.3). 

Another reaction of alcohols ts esterification; indeed. the hydroxy groups of carbohydrates, 
like those of other aleohols, can be esterified. 


HOCH, excess acetic AcOCH; O 
HO E " АК rh $ (24,32) 
HO OH и AcO— OAc 
OH OAc 
D-glucopyranose 1,2,3,4,6-penta- O-acetyl-b-glucopyranose 


(83% vield) 


Ester derivatives of carbohydrates can be saponified in base or removed by transesterification 
with an alkoxide such as methoxide: 


i} 
| 
O—-i CH 
4 Е" 
| Вас O {7 
CHAM. 
HiC—U— VCH 
Q А O—C—tH + ЗОН нон 
z ^c— cH 
if 
(J T 
HOCH, Q 
HO V 
| + 5Hi—C-—CORH, (24.53) 
HO OH t C (24 | 
ОН 


Ethers and esters аге used as protecting groups in reactions involving carbohydrates. For 
example, acetate esters are used as protecting groups in the synthesis of "F-fluoro-p-glucose 
(FDG), an important imaging agent in positron emission tomography. (See the sidebar on pp. 
396-397.) Because ethers and esters of carbohydrates have broader solubility characteristics 
and greater volatility than the carbohydrates themselves, thev also find use in the characteri- 
zation of carbohydrates by chromatography and mass spectrometry. 


Outline a sequence of reactions by which p-glucose can be converted into methyl 2,3,4,6-tetra-O- 
acely]-D-glucopyranoside. 


AcOCH, 
ACO 


OAc 


o 


methyl 2,3,4,6-tetra-O-acetyl-D-glucopyranoside 
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Solution In solving problems of this sort, in which apparently similar hydroxy groups are 
converted into different derivatives, the key is to recognize that hydroxy groups and alkoxy groups 
at the anomeric position (carbon-| in aldoses) behave quite differently from these groups at other 
positions. As the earlier text discussion shows, the hydroxy group at carbon-! of glucose is part of 
a hemiacetal group, and alkoxy groups at the same carbon are part of an acetal group. Acetals are 
formed and hydrolyzed under much milder conditions than ordinary ethers. Consequently. the 
methyl "ether" (actually, a methyl acetal) at carbon-1 can be formed by treating D-glucose with 
methanol and acid. The remaining hydroxy groups can then be esterified with excess acetic 
anhydride (as in Eq. 24.32) to give the desired product: 


SEI FI Boca Q excess acetic AcOCH; O 
D-glucose __Н250. a. HO _ anhydride AcO 
HO OCH, тле AcO “OCH; 
OH OAc (24.34) 


PROBLEMS | 


27.17 Explain why acetals hydrolyze more rapidly than ordinary ethers. (Hint: Consider hydrolysis 
by a carbocation mechanism.) 

27.18 Outline a sequence of reactions that will bring about each of the following conversions. 
(a) D-galactopyranose to ethyl 2,3,4,6-tetra-O-methyl-b-galactopyranoside 
(b) D-glucopyranose to 2.3,4,6-tetra-O-benzyl-p-glucopyranose 


OXIDATION AND REDUCTION REACTIONS 
OF CARBOHYDRATES 


Like simpler aldehydes, the aldehyde group of aldoses can be both oxidized and reduced. It is 
also possible to selectively oxidize the primary alcohol and aldehyde groups of an aldose with- 
out oxidizing the secondary alcohols. The structures and names of the common oxidation and 
reduction products of aldoses are summarized in Table 24.2. 


LANA Structures of Common Oxidation and Reduction Products of Aldoses 


General structure: (Y 
OH А 


Derivative structure 


General Example derived 
i—= —Y= name from glucose 
HOCH, — —CH=0 aldose glucose | 
HOCH, — — COH aldonic acid gluconic acid 
HO,C— —CO.H aldaric acid glucaric acid 
HOCH,— —CH;,OH alditol glucitol 


HO,C— —CH=0 uronic acid glucuronic acid 
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LEM | | | — ; 
‚ siia 24.19 Using Table 24.2 to assist you, draw a Fischer projection for the structure of (a) galacturonic 


acid, the uronic acid derived from galactose: (5) попо!. the alditol derived from ribose. 


A. Oxidation to Aldonic Acids 


Treatment of an aldose with bromine water oxidizes the aldehyde group te a carhoxylic аси. 
The oxidation product is an сонс acid (see Table 24.21, 


CH —O 
H OH 
HO H 
H OH 
H ——— OH 
Eon 


D-glucose 


COH 
H OH 
lir: 
em EE H 
TT (24.35) 
- H 6711 
H OH 
CHOH 


n-głuconie acid 
(an aldone acid; 
7? Y6te vield as Can * salli 


Although it is customary to represent aldonie uctds in the free carboayvie acid torm., thes. like 
other y- and Ahydroxy acids (Sec. IDAJ, exist in ueidie solution as lactones called aldono- 
lactones. The lactones with five-membered rings are somewhat more stable than those with 


six-membered rings, 


О 
| 
С — QOH 
Н —— ОН Н 
HO Н Hw 
[1-1 
E —— — 
11 OH H 
H OH H 
CHH 


n-giuconic acid 


Q 
| 
| 
( | Eme t 

OH ^ 

-H / 
j or (24.40) 

©” 

OH 
CHOL 


D-y-gluconolactone 


Lan aldoenolactone! 


Oxidation with bromine water is a useful test for aldoses. Aldoses ean also be oxidized with 
other reagents, such as the Tollens reagent [Ар МН; Sec. 19.14]. However. hecause the Tol- 
lens reagent is alkaline und causes hase-catalvzed epimerization of aldoses (Sec, 24.5) it 1s less 
useful synthetically. Because the alkaline conditions of the Tollens test also promote the equi- 
lihration of aldoses and ketoses, ketoses also give positive Tollens tests. Glycosides are ver ox- 
idized by bromine water, because the aldehyde carbonyl group is protected as an acetal. 
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B. Oxidation to Aldaric Acids 
Dilute nitric acid oxidizes aldehydes and priman alcohols. to carboxylic acids wether 
affecting secondary alcohols, Consequently, this is a very useful reagent for converting 
aldoses tor addonic acids) into aldarte acids (Table 24.21. 


(1—6) ESON 
и 
HO-—31—H HNO, lutei 
= z RS EE 
эл} dO 
H CH I 
T OH i= 
CHOH СОН 
D-glucose n-glucarit acid 


Lan aldlaric acid} 
4)" vield, isodateal ast ‘act salt] 


Like oldomie acids. aldanre acids im ueni solution form lactones, Two ditferent five-membered 
lactones are possible, depending on which carboxylic acid group undergoes faclonization. Fur- 
thermore. under certain conditions. some aldarie acids can be isolated as dilactones, in which 


both carboxylic acid groups are Juctontved. 


"COW 


p-glucaric acid 
i.4-lactone 


p-glucaric acid 
3,6-lLactone 


OH 


STUDY GUIDE LINK 24.2 HON H / o” A |, OH `0 
\ | 


Configurations of ^ 
Aldaric Acids H O 


Coo QaMLARS 
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PROBLEMS 2 oL - | "Tu | | 
24.20 Give Fischer projections tor the aldarie acids derived from both D-glucose and L-gulosc. 


What ts the relationship between these structures? 
24.21 Draw a Fischer projection for the ааг acid, and a structure of the 1.4-factone, derived 
from the oxidation of (a) D-galactose; (b) b-mannose. 


24.22 Give the product formed when each of the following aleohols is oxidized by dilute HNO.. 
(a) («by HOCH.CH.CH,CH.OH 
CHOH 


о” 


C. Periodate Oxidation 


Мапу carbohydrates contain vicinal 2hycol units and. Hke other [,2-sIveols; are oxidized by 
periodie acid (See. ТГВ. A complication arses when, as in many carbohydrates. more than 
ко adjacent carbons bear hydrox, groups. When one of the oxidation products is an еру 
droxv aldehyde. as in the following example. H is oxidized Further lo formic acid and another 
aldehyde. 


OHE OH OH Gll O (7 


| UR | - | | | 
k—€‘}i—CH— СН к ee 8 ССН * Hic. К 


| uot сн лс 


An ce hydroxvy aldehyde Firth 
| (Л, 
1 () 
R 4. l * И 8—11 24.30) 


formic acid 


By analogs, an e-hydroxy ketone is oxidized te an aldehyde and a carbos Ie avid. 

Because It 18 possible ta determine accurately both the amount of periodate consumed and 
the amount of formte acid produced, periodate oxidation can be used to differentiate between 
pyranose and furanose straetures ob succharide derivatives, For example. periodate oxidation 
ol meth | e-p-zlucopsranoside liberates one equis alent of formic acid: 


nota FZ-ghcak: 


not oxidized "iux Hs HOCH: | | 
Sete ee * FE It, t 7 А 
HO € Я ы E = N —- di—C—U0MH (24. 
HO -H E H 
C Y (э | ү farmic acid 
H Ow dl. () OCEL, abservedi 


methyl «-D-glucopyranoside 


А furunose form of this glyeoside, however. vives formaldehyde: 
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HO — CH. 
оС Н = (С 1] 
uu ТИ Q | | 
OH H —— +» X BA + HjC-—O 40h; 
: CX], Hi CH We OLE; tormaldchyde 
| | 
li OH O (7 


methyl a-b-glucoturanoside 


The pertedate oxidation of carbohydrates was developed һу Claude 5. Hudson 
(881-1952), a noted American carbohydrate chemist al the National Institutes of Health. Ft 
Wis Used extensively to relate the anomerie configurations of many carbohydrate derivatives, 
How this was done is suggested by Problems 24,23 amd 24.24. 


PROBLEMS 


24.23 Explain why the methyl a-b-pyranosides of e p-aldohexoses give, in addition to formic 
acid, the same compound when oxidized by periodate. 

24.24 Assuming you knew the properties of the compound obtained in Problem 24.23, including 
its optical rotation, show how vou could use periodale oxidation to distinguish methyl a-p- 
galactopyranoside froin methyl f2--galactopyranoside. 


D. Reduction to Alditols 


Aldohexoses, like ordinary aldehydes. undergo many of the usual carbonyl reductions. For ex- 
ampie, sodium borohydride €(Nalil E. Sec. 19,8) reduces aldoses to alditols (Table 24.21. 


CTI) CHOH 
H OL 1] OH 
uu li NaBH HO E 
TF (2441) 
HO] S u IIO [I 
Н -O H OT 
CH OH CHOH 
D-galactose galactitol (dulcitol) 


an Шао! 
[Up tg viel: neither Li wae | 
because 1E js T0 | 


Caulalyte hydrogenation (for example, A, witha Raney nickel catalyst in aqueous ethanol) can 
also be used for the same iranstormation. 

In the oxidation and reduction reactions discussed in this section. aldoses have been de- 
meted in their carbons] tonns rather than m their eyele hemiacetal formis; Do not lose sight of 
the Fact that all forms are present at equilibrium. and the aldehyde form can react even though 
His present in a very small amount. Once I reacts, 1 1s immediately replenished (Le Chotelier's 
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principle). Thus, when the aldehyde group reacts with NaBH, to give Чио. the equilibrium 
provides more of the aldehyde tom: 


| | NaBH | 

cyclic (hemiacetal} forms w aldehyde form — 5,75; ано] (24.423 
Furthermore. the acidic or baste conditions of many aldehyde reactions t basic conditions in 
the case of NaBH, reduction) catalyze this equilibrium. Not oniy is more aldehyde formed. but 
it is also formed rapidly. 


KILIANI-FISCHER SYNTHESIS 


Ajdoses. like other aldehydes, undergo addition of hydrogen cyanide lo give eyanohsydrins 
(Sec, 19,7), This reaction, Hike several others that have been discussed, involves the aldehyde 
form of the sugar. 


additional 


по C=N asymmetric carbon C—N 
11 — 0H HO H 
HO H e 
no АЁ H HO H 
H OR + HCN — t ge (IJ 4i) 
H OH H OH 
H OH 
Н OH H OH 
CHOR 
CERLO CHOI 
D-arabinose 
D-gluconitrile D-mannonitrile 
Nu. "u vield i l s I5 vivld ! 


Because the cyanohydrin product has an additional asymmetric carbon, 1 15 formed as а 
mixture of two epimers. Because these epimers are diastereomers, they are typically formed 
in different amounts (See. 78B), as in Ец. 24.43. Although the exact amount of euch ts not 


eusily predicted. in most cases significant amounts of both are obtained. 


The mixture of cyvanohydrins сап be converted inte a mixture of aldoses by catulytic 


hydrogenation, and these aldoses can be separated. 


EK CH —NH CH=0 

OH | H OH H OH 

Bull Rast ty 
Ml Des 
H MA HO H aot HO H 
BEC a TTE - +МН, HH) 

OH H ОН H OH 

OH 1 OH HI OH 
CH.OH CH.OH CHOU 


imine termediate 


As this equation shows, the hydrogenation reaction involves reduction of the nitrile to an 
unine (Cor a cycle carbinolamine derivative of the imine). Under the reaction conditons. the 
imine hydrolyzes readily to the aldose and ammonium ton. 
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This example shows that esanohydrin formation followed by reduction converts ап aldose 
Into two epimerte aldoses with one additional carbon. That is, two aldohexoses, epimeri¢ ai 
varbon-2, are formed trom an aldopentose. Notice particularly thet this synthesis does not af- 
lect the stereochemistry ob curbons 2; 3. and + in the starting material, 

The formation of eyanohiydrins. from aldoses was developed by Мешге Кат 
(1955 1945). head of the medicinal chemistry laboratory al the University of Freiburg. Kiliani 
dho showed thai the cyanoltydrins could be hydrolyzed to aldonte acids. Emil Fischer, whose re- 
markable accomplishments in carbohydrate chemistry are deseribed in the Sec 24.10. developed 


evanohydrin formation, hydrolysis; and reduction— provided a way to convert an aldose into two 
other aldoses wath one additional carbon. The overall transformation eame to be known as the 
Kiliani—Fischer synthesis. The chemistry shown in Eqs. 24.43 and 24.44. which was developed 
in the 1970s. is a modern variation of the Kiliani-Ftscher synthesis. 

Kiliani, a noted authority on carbohydrates, also proved the structures of several monosac- 
charides, including the 2-ketose structure of fructose. 


| Des 24.25 Assuming the n configuration. identify А and д. 


dilute HAO 
an aldopentose A =. 


an aldaric acid, optically inactive 
Kiliani-Fischer 
svi hess 


dilute HN 
an aldohexose B : 


fone of two formed! 


an aldaric acid, optically inactive 
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The aldohexose structure olt 7 )-giuecose (that is, the structure without any stereochemical de- 
als) was established around 1870. The vant Hoff-LeBel theory of the tetrahedral carbon 
atom, published in 1874 (Sec. 6.123. suggested the possibility that glucose and the other aldo- 
hexoses could be stereoisomers. The problem to be solved, then. was: Which one of the 27 
possible stereoisomers Is (+ }-gtucose’? This problem was solved in two stapes, 


A. Which Diastereomer? The Fischer Proof 


The lirst tand major! part ot the solution to the problem of glucose stereochemistry was pub- 
lished in 1891 hy Emil Fischer. (See Fischer's biography on p. 1203.) [t would be reason enough 
lo study Fischer's proof ах one of the most brilhant pieces of reasoning in the history of chem- 
stry, However. it also will serve to sharpen your understanding of stereochemical relationships, 

[t iS important to understand that in Fischer's day, the tools for determining the absolute stere- 
echemieul configurations of chemical compounds had not yet been developed. Consequently, 
Fischer adopted the arbitrary convention that, at earbon-5 of (+ )-ріисоѕе (the contigurational 
carbon in the D; system). the. OH is on the right in the standard Fischer projection: that is. Fi- 
scher assumed that (+ glucose has what we now call the p conhguration, Fischer. then, proved 
the stereochemistrs of + )-2lucose relative to an assumed configuration at earbon-5. In other 


1200 


Step 1 


is assumed 


Step 2 


HO 


H 


[| — -arabinose 


the configuration | 
of this carbon 


CHAPTER 24 * CARBOHYDRATES 


words, Fischer, of necessity, reduced the problem of 2° stereoisomers (wo enantiomeric sets of 
S diastereomers toa problem of 8 diastereomers. 

Fischer had. as а starting рон. pure samples of the naturally occurring. aldopentese 
(— arabinose and the ewo aldohliexeses d+ 4)Hglucose amd + mannose, (6 * Glucose and (0 J- 
mannose were known to be stereoisomers. The remarkable thing about Fischer's prol is that it 
allowed him to assign relative configurations im space Гот еде asymmetric carbon in these con- 
pounds using only chemical reactions and optical асууну. The logie mojed is direct simple, 
and elegant, and n ean be summarized in four steps: 


( }-Arabinose. an aldopentose, is converted into bath ( + )-glucose and ( — )-mannose by a 
Kiliani-Fischer synthesis. From this observation (see Sec. 24.9), Fischer deduced that (+ + 
e[ucose and = Hc mannose are epimerie al earbon-2. and that the configuration ol € -)-arabi- 
nose at carbons 2. 3. and + is the same as that ol (7 Release and t+ 1-mannose at carbons 3. 
4. and 5. respectively. 


opposite 


4configurations 


| 24 24533 


: Kahani Escher А == 2—7 


H—1—0 Т QII Il ——— oH 


CHOW СИН СРО 


{= )-arabinose one is (+ }- рисове; onc is (+ }-mannose 


( )-Arabinose can be oxidized by dilute HNO, (Sec. 24.813) to an optically active aldaric 
acid. From this observation. Fischer concluded that ihe — OH vroup at curbon-2 of arübinose 
must be on the left. ihis ОН group were on the right. then the aldarie acul of arabimose 
would have to be meso, and thus optically. inactive, regerdfess of Hie cenfiiratieon of tite 
—(OH wranp at carben-2. (Be sure vou sce why this ts so IE necessary. draw both possible 
Structures tor(— )-arabinose to very this deduction. 


arabinose 


Ci) COH CH=) COH 
H HO i | | ——— ОН |] ОН 
; HN. З 3 ERTES " TNT 
ОН ор О H —— i l I] OH 
CHOH COLH CHOH COH 
optically achive cannot be nics 


optically inde tise | 


The relationships among arabinose, glucose, and mannose established im steps I and 2 require 
tne following partial strugtures fort d glucose and t mannose. 


IKO 1 


Ше same 
configurations 
rom step [i 


[D ———«GIT . 


Моон 


{ —]-агаб1пове 


Step 3 
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CH=) 
| 


I| ОП 


118. Н 


lI Ob 


CHO 


must have 
the same 
configuration 


CHO 
Ho HI 
HO H 
1 

I OH 

CH.OH 


one is (+ ]-glucose; one i (+ )-таппоѕе 
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Oxidations of both ( - )-glucose and (+ )-mannose with HNO, give optically active aldaric 


acids. From this observation. Fischer deduced that (he —OH group at carbon- is on the righi 
in both t+ glucose and 4 mannose. Recall that, whatever the configuration al earbon-4 in 
these Iwo uldohexoses, it must be the same in both. Onis if the 


OH is on the right will hoi 


sirüctures yield. on oxidation, opücally active aldarie acids. If the — OH were on the left; оле 
af the bye aldehexoses would have given a mese rand hence. an оре inactive! aldarte 


асы. 


H 


144) - 


Ei 


I | 


CH= 
OH HO 
Fi КЭ 
wd Н - 
OH 11 
ChE 


g as be )-ylucosc: 
one ts (+ -mannose 


Ио, 

Y 

COT 
OL HO 
|] ZI 
Qu H~ 

—— Fl H 
COH 


bath apically active 


Н == 


H 


[| 


OTI 


qo 


ООН 


prat 
COH 
Н 
Н 
— ОН 
OH 
COLEI 


CH=0 

H OH 
BITE H 
Ht} i] 

HI OH 
CH- 


CH—O 
TS [ 
HO J—II 
HO H 
s 
CHOU 


neither can he glucose or 
mannose 


nd 


COM 
H OH 
HO T 


HO H 


Н —- 


CO 


HT 


-OW 


COE 

HO) T* 

HO = 

HO H 
||] —— — OH 

со. 


| 24.481 


Because the configuration al earbon-4 o£ (+ ?-elucose and t~ mannose is the same as that al 
varbon-3 of (— rEarabinose (step Dh at this point Fischer could deduce the complete structure 


TN 


-arabinose, 
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Fischer Proof 
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CH -— CH= 
(cH ==) 
H OH HO H 
HO H 
HG H НІС ————- H umplies 
г =>» = OF (24.491 
H OH H ou СР 
Н Wd 
H OH Н OH | 
CH;OH 
CILOH CH.OH 


( — )-arabinose 
stricture 1 structure 5 
In—————— À——"Ü 
one is (4-)-mannose: onc 15 (+)}-glucose 


The previous steps had established that (+ glucose had one ol the two structures In 
Eq. 24.49 and { ~ Hmannosc had the other. but Fischer did not yet know which structure goes 
with which sugar, This point is confusing lo some students. Fischer's situation was dike that of 
а young woman who has just met two brothers, but she doesn’t know their names. So she asks 
a friend: “What are their names" The friend says, "Oh. they are Mannose and Glucose: only | 
don't know which is which!” Just because the woman knows Рог names doesn't mean that she 
can associate each name with each face. Similarly, although Fischer knew the structures asso- 
ciated with both ( +)-glucose and (+ }-mannose, he did not yet know how to correlate each al- 
dose with each structure. Тїк last problem was solved in Step 4. 


Another aldose, (+ )-gulose, can be oxidized with HNO, to the same aldaric acid as { + }- 
glucose. How does this fact differentiate between (+ glucose and (€ 7 )-mannose? Two ciffer- 
ent aldoses can give the same aldaric acid only i£ their —CH=O and —CH-OH groups are 
at opposite ends of an otherwise identical molecule (Problem 24.201. Of the two structures tn 
Еч. 24,49, only in structure A does an interchange of the —CH OH and —CH-O groups re- 
sult in a different aldohexose. Fischer actually interconverted these two groups chemically on 
(+ glucose (by a series of reactions discussed in Further Exploration 24.2 in the Study 
Guide} and obtained a ditferent sugar, which he named ( + }-culose. 


CH=O CH,OH COH 
H ОН 11 OH tI ОН 
_ nes He H a. NN 450) 
H OH H OH | H OH Е 
H OH H= OH H OH 
CH OH CH=0 CAEI 
( +)-glucose (+)-gulose са 


either aldohexose gives 
the same product 


! different aldohexoses 


To be sure that the CH.OH and CHO interconversions had gone as expected. Fischer verl- 
fied that both {~ Hglucose and (+) gulose were oxidized lo the same aldarig acid. as shown in 
Eq. 24.50. The inescapable conclusion. then. is that the structure of (+ glucose in Eq. 19.49 
is А. 
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Completion of the proof requires that the same interconversions, when carried out on 
structure B, give the same aldohexose. ( Verify this point by rotating either structure 180? in the 
plane of the page.) 


CHO C H;OH 
| HQ. ——H 
interconvert 
CHOH 
: HO H 
and CH220 (24.51) 
H OH 
H OH 


the same aldohexose, 
and therefore, 
( t )-mannose 


Therefore, structure B cannot Бе (+)-glucose. Because the only other possibility for В was 
(+ )-mannose, the structure of this aldohexose was proved as well. 


Emil Fischer 

Emil Fischer (1852-1919) studied with Adolph von Baeyer and ultimately became Professor at Berlin 
University in 1892. Fischer carried out important research on sugars, proteins, and heterocycles. Fischer 
was a technical advisor to Kaiser Wilhelm Il. The following story gives some indication of the authority 
that Fischer commanded in Germany.It is said that one day he and the Kaiser were arguing questions 
of science policy, and the Kaiser sought to end debate by pounding his fist on the table, shouting,"Ich 
bin der Kaiser!” (I am the Emperor!) Fischer, not to be silenced, responded in kind:"Ich bin Fischer!" An- 
other story, perhaps apocryphal, attributes an important laboratory function to Fischer's long, flowing 
beard.It was said that when a student had difficulty crystallizing a sugar derivative (some of which are 
notoriously difficult to crystallize), Fischer would shake his beard over the flask containing the recalci- 
trant compound. The accumulated seed crystals in his beard would fall into the flask and bring about 
the desired crystallization. Fischer was awarded the Nobel Prize in Chemistry in 1902. 


24.2% Ап aldopentose A can he oxidized with dilute HNO, to an optically active aldaric acid. А 
Kiliani—Fischer synthesis starting with A gives two new aldoses: В and C. Aldose B can be 
oxidized to an achiral, and therefore optically inactive, aldaric acid, but aldose C is oxidized 
to an optically active aldaric acid. Assuming the D configuration, give the structures of A, B. 
and C. 

24.27 An aldohexose А is either D-idose or D-gulose (see Fig. 24.3). It is found that a different al- 
dohexose, L-(— )-glucose, gives the same aldaric acid as A, What is the identity of A? 


B. Which Enantiomer? The Absolute Configuration of p-(+)-Glucose 


Fischer never learned whether his arbitrary assignment of the absolute configuration of (+ }- 
glucose was correct —that is, whether the —OH at carbon-5 of (+ )-giucose was really on the 
right in its Fischer projection (as assumed) or on the left. The groundwork for solving this 
problem was laid when the configuration of (+ )-glucose was correlated to that of ( — )-tartaric 
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С 

M OH 
HO H 

HI OH 

H ре | 

CHOLI 


( -)-glucose 


acid. Ctereochemical correlation was introduced in See. 6.5.) This correlation was carried out 
in the Following was. 

(+ -Olucose was com erted into (£7 -arabinose һу a reaction called the Ruff degradation. 
In 1his reaction sequence, an aldose is oxidized to Hs aldonic acid (See. 2.8). amd the vakum 
salt of the aldonic acid is treated with ferric ien and hydrogen peroxide. This treatment decar- 
box viaies the ealeium sail and simultaneously oxidizes carbon-2 to an aldehyde. 


, COT Cat 


CH= 0 
tL  — OH 
| Br HO bond pO 
ae HO | s dH 
ЧЕГИП Мн з |] Oll 200, (24,52 
H OH 
|| 10и 
H oH 
СОН 


СӨН А. 
HOH A { — -arabinose 


calcium gluconate DH vieldi 


[n other words. ап aldose is degraded to another aldose with one fewer carbon atom. ffs spere 

ochemistey otherwise remaining the same. Because lhe relationship between € 7 &glucose and 
( rarabinose was already known from the Kiliant-Fischer synthesis (step | of the Fischer 
proof in the pres tous section}, this reaction served to establish the course of the Ruff degrada- 
поп. Next, (€. ijÉarabinose. was converted into (О J-ervthrose by another eyele of the КЫ 
degradation, 


Rut degradatien 


| — }-arabinose | —J-ervthrase RENE 


bei + o-Glyceraldehvde. im turn, was related to 24 ber throse by а Kilian! Fischer synthesis: 


CH= CHSO 
CII—10) 
Канат Fische: H ON HO H 
H OH ā —— : (24,543 
Н == 0н H OH 
CHOH | 
CH 0H CHOU] 
D-i + }-glyceraldehyde 7 j 
absolute configuration D-(—]-ervthrose p-( — )-threose 
assumed by convention I confieuürationms at arpon 3 


ачи Dy convention i 


This sequence of reactions showed thal (+ glucose. t— kersthrose; i pthreose. and 
(+ -elyeeraldehyde were all of the same stereochemical series: the D series; Oxidation of 1- 
і Hthreose with dilute HNO, gave D-i- )Htartarie acid. 

[n [950, the absolute configuration of naturally. occurring t~ i tartarie acid (as its polas- 
sium rubidium double sult was determined by а special technique ot X-ras erystallographs 
called enomafess dispersion. This determination was made hs J. M. Bipoel A. E Peerde- 
man, and A.J. van Bommel. Duteh chemists who worked. appropriately enough, at the уап 
Holt laboratory in Utrecht. H Fischer had made the right choice for the configuration at car- 
hon-5 of t * glucose—what we now call the p configuration—the assumed structure for n- 
( -i-tartaric acid and the exspertmentally determined structure of € * )tartarie acid determined 
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bs the Duteh ers stallographers would be enantiomers. IE Fischer had guessed incorrectly. the 
assumed structure for = Заале acid would be the same as the experimentally determined 
structure ob (7 амале acid. and would have ta be reversed. To quote Bijvoet and Bis enl- 
leagues: "he road is ther Кан Fischers convention [for the p canfiguraven| appedagns de 
Не lo nel. 


Е 8. OF] COH 
HO || tiens Hit- || E CVE] 
— y 174,55) 
FI НІ 11 —— ol НО — [| 
CHOH COH COH 
b-( — i-threose їз-{ — }-tarlaric acid t-i + )-tartaric acid 


thy X ras crvatallovraphy | 


—| enantiomers | — | 


PROBLEMS x 
| PROBLEMS. 24.28 Given the structure of p-glvceraldehvde, how would you assign a structure to each of the two 


aldoses obtained Irom it by Eq. 24.54. assuming that these compounds were previously un- 
known? 

24.29 Imagine that à scientist reexamines the erystallographic work that established the absolute 
configuration ofi + |-tartaric acid and finds that the structure of this compound is the mirror 
image of the one given in Eq. 24.55. What changes would have ta be made in Fischer's 
structure of p-( + )-glucose" 
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A. Disaccharides 


Disaccharides consist of two monosaccharides connected by a glycosidic linkage. 
(+)-Lactose is an example of a disaccharide. (f+ 2-Lactose is present io the extent of about 
Ач in eow s milk and 6-7 In human milk.) 


B glycosidic bond 


HO (Quos kw 
ex © MI CH,OH 
V TON m O 
LIO oe NP A O x 
OH [oo N o 
OH 


ealactose unit 
gincose nil 


CE) Hactose or 4-O-( B-pD-galactopyranosyD)-P-glucopyranose 


Ini * асом. à b-giucops ranose molecule is linked hs its oxy sen al earbon-4 to carbon- | 
of D-guluctopy ranose. In eflect, t * lactose Is а elyeoside in which galactose is Lhe carbohy- 
drate and glucose is the "aleohol^ Recall (ар the glscosidie linkage is an acetal. and acetals 
hydrolyze under acidie conditions (Sec. 24.63. Therefore. (+ lactose can be hydrolyzed in 
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acidie solution to eive ane equivalent each of p-glucose and b-galactose, in the same sense that 
a methyl glycoside can be hydrolyzed to give methanol and a carbohydrate. 


Hio quon 


NS Н. m 
vM wt ы H— OH LEE IL 
OH * 1142—— ^O 
НӘ LOH СОН 
^ (у | o 
+ А (24.3041 
[iO OH 
OH 
D-galactose D-glucose 
Compure: 
„Жж он, чы са HOH, 
м, | *H—0H = SC + HOCH, аем 
GE 1 


Equation 24,362 demonstrates the structural basis for the definition of disaccharides pre- 
sented in See. 24. E: A disaccharide is a carbohydrate that can be hydrolyzed lo two monosac- 
charides. Hydrolysis occurs al the glycosidic bond between the two monosaccharide residues. 

The stereochemistry of the elvcosidie bond in (+ i-Tactose 15 B. That is; the «Lereochemistrs 
of the oxygen linking the two monosaccharide residues in the glycosidic bond corresponds to 
that in the f-anomer of p-galactopyranose. This stereochemistry Is very important in biology. be- 
cause higher animals possess an enzyme, B-galactosidase. that catalyzes the hydrolysis of this 
B-els cosidic linkage near neutral pH: this hydrolysis allows lactose to act ах а source of elu- 
cose. a-Glycosides of galactose are inert to the action of this enzyme. (People who suffer [rom 
lactose intolerance must take a Гост of this enzyme orally to digest lactose-containing foods.) 

Because garbon- 1 of the galactose residue in (+ lactose is involved in a glycosidic tink: 
age, it cannot be oxidized. However, earbon-E of the glucose residue Is part of a hemiaecetal 
group. whieh, like the hemiacelal group of monosaccharides. is in equilibrium % ith the free 
aldehyde and can undergo characteristic aldehyde reactions. Thus, treatment oft + асое 
with bromine water (Sec. 27.7 А сесі oxidation of the glucose residue: 


HO. OM, 
CH.OH нт. 


(7 э] | 56 
we ee »» 
И NEA КЕЧ ү. > TET 


O11 EO | ^I 
( 


(+ 1-Jactase 


i шон n 
CI 
m ES xe YH 
НО а Nh Ae ) 14.57 
OH EMI à pur (24 8 7| 


OH | 


lactobionic acid (! 
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Carbohydrates such asi 7 lactose that ean be oxidized in this way are culled reducing sug- 
ars, because, in бези oxidized. they reduce the oxidizing agents, The glucose residue is хаш 
to he at the reduciig end ol the disaccharide. and the guluctose residue at the nonreducing end. 
Because of its hemiacetal group, t~ асое also undergoes many other reactions of aldose 
hemiacetals. such as mutarotatien. 

(+)-Sucrose, or table sugar. is another important disaccharide. More than 120 million tons 
ol sucrose is produced annually in the world, босгох consists of a D-glucopsranose residue 
and а p-fructofuranose residue connected by e[ycosidic bonds (стог) at the anomeric carbons 
ol bath Monosaccharides. 


HOCIL 


о) 
но Ja 


Oll ——— г glycosidic bond at glucose 

HOCH; Q 
i} 

HOY 

CHOU 


- B ely osidic bond at Eructose 


CT 


(+)-sucrose (ae-1-glucopyranosyl-f[S8-D-tructofuranoside) 


The elycosidie bond in (= sucrose is different from the one in lactose. Only one of the 
the galactose residue -contains an acetal glycosidic) carbon, [n eon- 
trast. bor residues of (+ 1H sucrose have an acetal carbon. The glycosidic bond in t+ )- sucrose 


residues ol lactose 


bridges earhon-2 of the fructofuranose residue and carbon-] of the glucopyranose residue. 
These are the carhonyi carbons m the noncyelic forms of the individual monosaccharides: re- 
member that the carbonyl carbons become the асса] or hemtacetal carbons tm the cyclic 


forms. 
i) ‚О | 
| a AN X LL in: | double glycoside linkage 
| l 


A 
C-l of glucose (.—2 af fructose 


Thus, neither the fructose nor the glucose part of sucrose has a tree hemiacetal group. Hence. 
(+ sucrose Cannot be oxidized by bromine water. nor does it undergo mutarolavion, Curho- 
hydrates such as ¢+ j-suerose thal cannot be oxidized by bromine water are classified as 
nonreducing sugars, 

Like other elycosides, (+ I-sucrose can he hydrolyzed to its component monosaccharides. 
Sucrose is hydrolyzed by aqueous acid or by enzymes cealled invertases) to an equimolar mix- 
ture of p-glucese and D-fructose, This mixture is sometimes called avert sugar because, as 
hydrolysis of sucrose proceeds, the positive rotation of the solution changes lo à negative ro- 
tation: characteristic of the eIucose-tructose mixture. This rotation is negative because the 
strongly negative rotation (792 degrees ml. g^! dm !) of fructose sometimes called Jevr- 
lose has a greater magnitude than the positive rotation t- 52.7 degrees ml. g ^! dam) of glu- 
ease (sometimes called dextrosex. Fructose. which is the sweetest ef the common sugars 
(about (ice us sweet as sucrose), accounts for the intense sweetness ol hanes. whieh is 
mostly invert sugar, 
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BL : 
DRUMS ENS 24.30 What products are expected from each of the following reactions? 
(a) lactobionic acid (Eg. 24.57) + 1 M aqueous HC] —— 


(b) (+)-lactose + dimethyl sulfate, NaOH —~> 
(c) product of part (b) + 1 M aqueous H.SOQ, —* 
24.31 Consider the structure of cellobiose, a disaccharide obtained from the hydrolysis of the poly- 
saccharide cellulose. Into what monosaccharide(s) is cellobiose hydrolyzed by aqueous HCI? 
CH,OH 
| О CHOH 
HO B 28 


Tales of Serindipitous Sweet Discovery: Artificial Sweeteners 

Artificial sweeteners are synthetic substitutes for sucrose and other natural sweeteners. Such com- 
pounds are in high demand because they allow consumers to enjoy a sweet taste without the calo- 
ries of natural sweeteners. The annual worldwide market in artificial sweeteners is more than 55 bil- 
lion. It has been estimated that well over 100 million Americans use artificial sweeteners. Artificial 
sweeteners have been sought since the ancient Romans, who used lead acetate ("lead sugar") as an 
alternative to sugar, and many Romans suffered severe lead toxicity as a result. 

To qualify as an artificial sweetener, a compound must have sweetness many times that of sugar 
so that very little sweetener has to be used to achieve the desired effect. Because so little is used, al- 
mast no calories are consumed. However, finding sweet compounds is not the major hurdle to the 
development of an artificial sweetener. Rather, a candidate compound must undergo rigorous test- 
ing to be sure that it is not toxic and does not have undesired side effects. Almost every sweetener 
that has been introduced has attracted its share of public suspicion despite the large amount of bi- 
ological testing involved in getting it to market. The most widely used sweeteners in modern times 
have been sodium saccharin, sodium cyclamate, aspartame, and, most recently, sucralose. 


-NHs 0 №” 
2 
Q О 
sodium saccharin (1879) sodium cyclamate (1937) 
300 times as sweet as sucrose 30-50 times as sweet as sucrose 


"OC 
aspartame (1965) 
180 times as sweet as sucrose CH;CI 


OH 


sucralose (1989) 
600 times as sweet as sucrose 
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The discoveries of all of these sweeteners were serendipitous, and all resulted from the tasting of 
laboratory samples by the researchers involved. Tasting new compounds was actually once а com- 
mon laboratory practice, and the tastes of new compounds were routinely reported in the chemical 
literature. However, tasting new compounds is no longer condoned as a safe laboratory practice, 

sodium saccharin was discovered accidentally in 1879 by Constantin Fahlberg, a student in the 
laboratory of Prof. ira Remsen at The Johns Hopkins University. At dinner, Fahiberg noticed a sweet 
taste on his fingers and concluded that it must have come from a compound he was working with. 
A "taste test" of many of his compounds led to sodium saccharin as the culprit. Fahlberg became 
wealthy from commercialization of the discovery, and when Prof. Remsen did not receive any finan- 
cial beneft, he became quite bitter toward his former student. 

Aspartame was discovered accidentally in 1965 by Jim Schlatter, a chemist at б. D. Searle and 
Company, while he was working on the discovery of drugs to treat stamach ulcers. He noticed a 
sweet taste on his fingers after handling the compound. His supervisor convinced Searle that the 
compound was worth development, and the result was the NutraSweet brand of aspartame. 

The mast intriguing story surrounds the discovery of sucralose. Scientists from Tate & Lyle, a British 
sugar company, were working in 1989 with researcher Leslie Hough and his student, Shashikant 
Phadnis, at Queen Elizabeth College (now part of King's College) in London on a project that in- 
volved testing chlorinated sugars as chernical intermediates for the synthesis of other compounds. 
Hough asked Phadnis to "test" sucralose, but Phadnis misunderstood the word "test," thinking that 
he had been asked to "taste" the compound. The rest is history. 


Polysaccharides 


In principle. any number of monosaccharide residues сап be linked together with ey cosidic 
bonds te ferm chams. When such chains are long. the sugars are culled polysaccharides, This 
section survess a few important polysaccharides. 


Cellulose Cellulose. the principal structural component of plants, is the most abundant or- 
“апе compound on the earth. Cotton is almost pure cellulose: wood is cellulose combined 
With a polymer called инин, About 5 7 1a ke of cellulose is biosy nthesized and degraded 
annually on the earth. 

Cellulose is à regular polymer of p-glucopyranose units connected by B-H4- gis cosidie 
linkages. 


[5- 1,4-glycasidic linkages 
FT: 
HOCH, C | 
HOT CN rn " ү TUS у reducing end 
Bw — р Ui 
fuo Aa ee ma 
! SE xi M ee (r] 
nonreducing end SIE 
cellulose 
a 
18 к ч ч | 
OH "H 


general structure 
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Like disaccharides, polysaccharides can be hydrolyzed to their constituent monosaccharides. 
Thus. cellulose can be hydrolyzed to b-glucose residues. Mammals Jack the enzymes that cal- 
alvze the hydrolysis of the B-glycosidic linkages of cellulose: this is why humans cannot di- 
gest grasses, which are principally cellulose. Cattle. though, can derive nourishment from 
grasses, but this is because the bacteria in their rumens provide the appropriate enzymes thal 
break down plant cellulose to glucose. 

Processed cellulose (cellulose that has been specially treated) has many other uses. It can 
he spun into fibers (rayon) or made into wraps (cellophane). The paper on which this book 15 
printed is largely processed cellulose. Nitration of the cellulose hydroxy groups gives nitracel- 
lulose, a powerful explosive, Cellulose acetate, in which the hydroxy groups of cellulose are 
esterified with acetic acid. is known by the trade names Celunese. Arnel, and so on. and is used 
in knitting varn and decorative household articles. 


AcOCH, 


(Q 


( 
QA T 


cellulose acetate 


Cellulose is potentially important as an alternative energy source. Recall from p. 469 that 
biomass is largely cellulose, and cellulose is merely polymerized glucose. The glucose de- 
rived from hydrolysis of cellulose can be fermented to ethanol. which can be used as a fuel (its 
in vasoholk and plants obtain the energy to manufacture cellulose from the хип, Thus, the cel- 
lulose in plants. -the most abundant source of carbon on the earth—can be regarded as a store- 
house of solar energy. An important rescarch problem is how to convert the more abundant 
sources of cellulose, such as wild grasses, into ghicose without expending large amount of en- 
ergy. A solution to this problem would reduce or eliminate the need to use cultivated crops, 
Such as corn. as a source of ethanol. 


Starch Starch, like cellulose, is also a polymer of glucose. In fact, starch is a mixture ol two 
different types of glucose polymer. In one. azivíose, the glucose units are connected by a- T,4- 
glycosidic linkages. Conceptually. the only chemical difference between amylose and cellu- 
lose is the stereochemistry of the glycosidic bond. 


l HOCH, z 
p 4 i) 
‚НО | 
| ОН | 


= 1,4 slycosidic linkage — 
d 
amylose 
(ep = HOO) 


The other constituent of starch is emylopecrin, a branched polysaccharide. Amylopectin con- 
tains relatively shart chains of glucose units in a-l.4-linkages, In addition. it contains 
branches that involve er 1,6-glycosidic linkages. Part of a typical amylopectin molecule might 
look as Follows: 
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HO OH 
{o} 

> HO O 
© ake 
© zc M CH,OH 
Ф С) о El К 

Q-O 
e9 79 905900000 жаса А. 
glucose unit p^ a HO 


C) 


an amylopectin branch 


Starch is the important storage polysaccharide in com, potatoes, and other starchy vegeta- 
bles. Humans have enzymes that catalyze the hydrolysis of the a-glycosidic bonds in starch 
and can therefore use starch as a source of glucose. 


Chitin Chitin is a polysaccharide that also occurs widely in nature—notably, in the shells of 
arthropods (for example, lobsters and crabs), Crab shell is an excellent source of nearly pure 
chitin. 


В- 1,4-glycosidic linkage 


HOCH A 
= al. “4 
à 
HO О 
) Н 'H 
C=O 
CH; 
chitin 


Chitin is a polymer of N-acetyl-b-glucosamine (or, as it is named systematically, 2-acetamido- 
2-deoxy-p-glucose). Residues of this carbohydrate are connected by B-1.4-glvcosidic link- 
ages within the chitin polymer. N-Acetyl-b-glucosamine is liberated when chitin is hy- 
drolyzed in aqueous acid. Stronger acid brings about hydrolysis of the amide bond to give 
p-glucosamine hydrochloride and acetic acid. 


HOCH; , HOCH; | 
HO О heat ah eee 
е 2 M HC! 6 M HC! ‹ 
“Миш ——— —— ), 
Е НО HO OH ^ HO HO OH cp (24-58) 
NH *NH; 
l — (0) D-glucosamine НСІ salt 
| (2-amino-2-deoxy-D-glucose) 
CH; + CH,CO.H 


N-acetyl-D-glucosamine 
(2-acetamido-2-deoxy-p-glucase) 
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Glucosamine and N-acetylglucosamine are the best-known examples of the amino sugars. А 
number of amino sugars occur widely in nature. Amino sugars linked to proteins (glycopro- 
teins) are found at the outer surfaces of cell membranes, and some of these are responsible for 
blood-group specificity. 


Discovery of p-Glucosamine 


In 1876 Georg Ledderhose was a premedical student working in the laboratory of his uncle, Friedrich 
Wöhler (the same chemist who first synthesized urea; p. 2). One day, Wöhler had lobster for lunch, 
and returned to the laboratory carrying the lobster shell."Find out what this is," he told his nephew. 
History does not record Ledderhose's thoughts on receiving the refuse from his uncle's lunch, but he 
proceeded to do what all chemists did with unknown material—he boiled it in concentrated HCI. 
After hydrolysis of the shell, crystals of the previously unknown p-glucosamine hydrochloride pre- 
cipitated from the cooled solution (see Eq. 24.58). 


Principles of Polysaccharide Structure Studies of many polysaccharides have re- 
vealed the following generalizations about polysaccharide structure: 


|. Polysaccharides are mostly long chains with some branches; there are no highly cross- 
linked, three-dimensional networks. Some cyclic oligosaccharides are known. 
. The linkages between monosaccharide units are in every case glycosidic linkages; thus, 
monosaccharides can be liberated from all polysaccharides by acid hydrolysis. 
3. A given polysaccharide contains only one stereochemical type of glycoside linkage. 
Thus. the glycoside linkages in cellulose are all 8; those in starch are all a. 


E. 


^R 3, І 
PROBLEM 24.32 What product(s) would be obtained when cellulose is treated first exhaustively with dimethyl 
sulfate/NaOH. then with | M aqueous HC]? 


for any chiral molecule. These are derived by the rules 
given in Sec. 24.2. 


W Carbohydrates are aldehydes and ketones that con- 
tain a number of hydroxy groups on an unbranched 


carbon chain, as well as their chemical derivatives. 2 ‘ 
es M A Fischer projection shows the configuration of each 


asymmetric carbon in a chiral molecule but implies 
nothing about its conformation. 


B The structures of chiral compounds can be drawn in 
planar representations called Fischer projections, 
which are especially useful for depicting molecules 
that contain contiquous asymmetric carbons in an 
unbranched chain. A Fischer projection is derived 
from an eclipsed conformation in which all asymmet- 


B Theo, system is an older but widely used method for 
specifying carbohydrate enantiomers. The o enan- 
tiomer is the one in which the asymmetric carbon of 
highest number has the same configuration as (R)- 


ric carbons are aligned vertically. Asymmetric carbons 
are represented as the intersection points of vertical 
and horizontal lines. All vertical bonds at each asym- 
metric carbon are assumed to be oriented away from 
the observer and all horizontal bonds toward the ob- 
server, Several valid Fischer projections can be drawn 


glyceraldehyde (p-glyceraldehyde). 


Monosaccharides exist in cyclic furanose or pyranose 
forms in which a hydroxy group and the carbonyl 
group of the aldehyde or ketone have reacted to form 
a cyclic hemiacetal. 


B The cyclic forms of monosaccharides are in equilib- 


rium with small amounts of their respective aldehydes 
or ketones and can therefore undergo a number of 
aldehyde and ketone reactions. These include oxida- 
tion (bromine water or dilute nitric acid); reduction 
with sodium borohydride; cyanohydrin formation (the 
first step in the Kiliani-Fischer synthesis); and base-cat- 
alyzed enolization and епоіаїе-іоп formation (the 
Lobry de Bruyn-Alberda van Eckenstein reaction). 


The —OH groups of carbohydrates undergo many 
typical reactions of alcohols and glycols, such as 
ether formation, ester formation, and glycol cleavage 
with periodate. 


Because the hemiacetal carbons of monosaccharides 
are asymmetric, the cyclic forms of monosaccha- 


ki 
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rides exist as diastereomers called anomers. The equi- 
libration of anomers is the reason that carbohydrates 
undergo mutarotation. 


In a glycoside, the —OH group at the anomeric car- 
bon of a carbohydrate is substituted with an ether 
(—OR) group. In disaccharides or polysaccharides, the 
—OR group is derived from another saccharide 
residue. The —OR group of glycosides can be re- 
placed with an —OH group by hydrolysis. Thus, 
higher saccharides can be hydrolyzed to their compo- 
nent monosaccharides in aqueous acid. 


Disaccharides, trisaccharides, and so on, can be classi- 
fied as reducing or nonreducing sugars. Reducing 
sugars have at least one free hemiacetal group. In 
nonreducing sugars, all anomeric carbons are in- 
volved in glycosidic linkages. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 24, in the Study 


ADDITIONAL PROBLEMS 


24.34 Give the product(s) expected when p-mannose (or 


other compound indicated) reacts with each of the fol- 
lowing reagents. (Assume that cyclic mannose deriva- 
lives ure pyranoses. ) 

(a) Ag" (NH), 

(b) dilute НСІ 

(c) dilute NaOH 

(d) Br,/H,0. then H,O* 

(e) CH,OH, HCI 

(Г) acetic anhydride/pyridime 

(2) product of pant (d) + Ca(OH),. then FetOAc),, H-0 
(h) product of part (e) + PhCH,CI (excess) and NaOH 


24.34 Give the products expected when p-ribose (or other 


compound indicated) reacts with each of the following 

reagents. 

ta) dilute HNO, 

(b) "CN. H,O 

(c) product of part (b) + H,/Pd/BasO, + H,O*/H.O 

(d) CH,OH, НСІ (four tsomeric compounds: two pyra- 
nosides and two furanosides} 

(e) products of part (d) + (CH4,1,5O, (excess? and 
NaOH 


24.35 Draw the indicated type of structure for each of the 


following compounds. 
(a) e-D-talopyranose (chair) 
(b) propyl B-L-arabinopyranoside (chair) 


24.36 Name the specific form of each aldose shown here. 


OH 
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{4.37 Draw the struecrers) ot (2) HOCH, CHOU 
(a) all ihe 2-kerohexoses 
(bir an achiral ketopentose СН, HO ш, 
(€) cr DO malactofuranose 
ido B-b-udoluranose OH 
tho HOCH. СОН 


24.58. Specilv the relationshipts) of the compounds in each 
af the following sets. Choose among the Following 


termes: identical compounds, epimers, anomers. enun- 


tomers., diastereomers, vcanstituBonal bomers. none of OH 

the above. i Моге than ene answer may he correct. i 

(a) e-D-glucopyranose and B-b-glucopyraniose (i) T or 

(hi c-p-glicopyranose and ec nb-mannopyrancse OLI р 

(€) B-n-mannopsranose and 8-1 -mannopyranoese HOC Y f UILON 

idi ee p-nboturanose and e-pb-nbopyranose | | 

(e) aldehyde form ot p-glücose and E 
u-p-eIucopyranose Zr HOC 

(fi methyl a-n-fructeturaneside and 2-0-methy |-er-1- pm" 
tructofuranose OH 

HG 
OH 
24.39 Tell whether each structure or term is a correct de- (k) "m 


scription of the I -sorbose structure shown here or a 
Form with whieh it is in equilibrium. fao OH 
| HO. / ZU £d 
WHO OH 

| 


C—O 
| 24.40 Consider the structure of raffinose, a Uisaccharide found 


i=] | oh 
in sugar beels and a number ot higher plants. 
11 —+— OH К 
НО чан 
x zd] 
HO H Nolae e 
| HO \ E vH 
CHOH OH 
i-sorbose CHIL 
eh E nd 
(a) à hexose HOT N ES N . 
(lta Ketohexose НО 77 ma 
(€) u glycoside i} 
HOCH. 


td an aldehexose 
(e) CHADH tE} 


H 
| _|_ 
Cm HOCH. OH 


ОН 


reflinose 


Hic li НО т — Н 
H OH NEN 


HOCH. OH 


H 


CH OH 


ia) Classity ralfineose as a reducing or nonreducing 
»ugar, АГА] tet] hoa yeu know. 
fhe identity the glyeoside linkages m ratfinese. and 


Classify each as either e or ДЗ. 


fed ame the menoesaeccharngdes огей when ratfimose 


iS hydrolyzed 3n aqueous awd, 


24.41 


24.42 


2.43 


idi What products are formed when cattingse 15 treated 
with dimethvi sulfate in NaOH. and then with 


aqueous acid amd heat? 


24.44 
Draw the stracture of 3-0-B-n-glucops гайку -а-0- 
arabinofuranose, a disaccharide that is the B-glveoside 
formed between D-glucops ranose at the nonreducing 24.43 


end and the — OH group at carbon-3 of a-p-arabino- 


furanose at the reducing end. 


Fucose. a carbohydrate with the following structure. 
has been identified as a component of in the cell-sur- 


face antigens of certain tumor cells, 


HO 
LO 
Кан. а OH 


па 


1 
fucose on 
La 1А this the m- or t -enantiomer of fucose’? Explam. 

[hr [s this the e- or -anomer? 

te Ts fucose an айе, а Кеке, or neither? Explain. 

cd) Draw a Fischer projection of the varbonyl [orm of 


this carbhohis drate. 


An important reaction used by Emil Fischer in his re- 

search on carbohydrate chemistry was the reaction of 

aldoses and ketoses with phens hydrazine to give rnw- 
azones, shown in Fig. P2443. Osazones, unlike mans 
carbohs drales, form crystalline solids ial are useful in 
characterizing carbohydrates, 

(a) Glucose and mannose vive the same osadzone. 
Given that these two compounds are aldohexeses. 
what could à scientist who knows nothing about 
the stereochemistry of these curbohydrates deduce 
about their stereochemical relationship from this 


fact! 
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(К What aldopentose gives the same osazome as т 


arabinosce | 


Complete the reactions shown in Fig. P2444 (p. 12161 


hy eivine the major organie product(s). 


A biologist. Simone Spore. needs the following Isu- 
topically labeled aldoses for seme feeding experi- 
ments, Realizing your expertise in the suechüride tied. 
she has come ta you te ask whether vou will synthe- 
size these compounds for her. She has agreed to pro- 
vide an adequate supply of 0-С = V arabinose as a slar- 
PC T-"He-urtium) 


ing material. (7 = 


(it) ‘CH= tht CES 0) 
1 CH! H— OH 
HO H HG І 
H aH pi — On 
H= 11 OLI 
CHLOH СН. 
ici C. [1— 0 
HG M 
HO H 
H OH 


H= 
CHOW 
Available commercial sources of isotopes include 


Ni, CO, NaCN. TI. and LO. Outline a synthesis 
of each isotopically labeled eompound. 


CII—O osa 

| 

CH — ON 7 

| 

СП OH CH — OH 

| | 3PRHNHNH. — | + NH, - PhNH- = 2 РЫЛ 
CH— OH CH—OH 

| phenylhydrazine 

ni -QH CH —O0H 

СНОН СОН 


an aldose 


Figure P24.43 


АП Ur PRET 
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24.46 Compound A. known to be a monomethyl ether of p- 
glucose, can be oxidized to a carboxylic acid B with 
bromine water. When the calcium salt oF B is subjected 
to the Ruff degradation, another aldose monomethy] 
elher is obtained that can also be oxidized with 
bromine water. When A is subjected to the Kiliani- 
Fischer synthesis, two new methyl ethers are obtained, 
Both are optically active, and one of them can be oxi- 
dized with dilute nitric acid to an optically inactive 
compound. Suggest a structure for A. including its stere- 
ochemistry. 


2447 Chlorotns (triphenylphosphine) rhodium brings about 


the decarbonylation of aldehydes: 

RCH=0 + (Ph;P4RhCI. — 
chlorotris(triphenyl- 
phosphine)rhodium 

R—H + (Ph;PARh(CO) 


carbonyltris(triphenyi- 
phosphine)rhodium 


(a) What product is obtained when this reaction ts ap- 
plied to D-galactose? 


24.48 


24,49 


(bi Suggest a reason why the reaction of an aldose re- 
quires a much higher temperature (130 °C) than 
the same reaction of an ordinary aldehyde (70 °C). 

(c) Outline a mechanism for this reaction by showing 
the elementary steps involved and showing the im- 
portant organometallic intermediates. (Hinr See 
Sec. 18.5E.) 


When an optically active aldopentose A was subjected 
to the decarbonylation reaction in Problem 24.47. an 
optically inactive product 8 was obtained. When al- 
dopentose A was subjected to the Kiliani—Fischer syn- 
thesis. two aldoses C and D were obtained. Treatment 
of C and D with HNO, gave optically active aldaric 
acids E and Р, respectively, Identify compounds A-F. 


When D-ribose-5-phosphate was treated with an ex- 
tract of mouse spleen. an optically inactive compound 
X. C.H40.. was produced. Treatment of X with 
NaBH, gave a mixture of the alditols ribitol and xyli- 
iol. (See Table 24.2. p. 1193.) Treatment of X with pe- 
riodic acid produced two molar equivalents of 
formaldehyde, Suggest a structure for X. 


; > УС, 
(a) phenyl B-b-glucopyranoside + CHOH (solvent) — 
(e) 1) OO 
2) HO, NaHSCH Hilo NaBH, 
| = 
CHLOH 
(d) Ir Os, 
2} HO, NaHSO,; dil. HCI 
ACETONE 
= oa ARO 
te) (+ )-sucrose + СІН, (excess) ——— 
3 SL) 
(D) (+)-lactose + C;H;0H — 29 
ie) CH,O QUH 
£ a i 
CH 
H - ÖH 
HO H CH3OH, HCI 
—————» 
Н OH 
H OH 
CH,OH 


D-glucose dimethyl acetal 


Figure P24.44 


24.50 


The Wohi degradation, shown in Fig. P24.50, can be 
used to convert an aldose into another aldose with one 
fewer carbon. Give the structure of the missing com- 
pounds as well as the curved-arrow mechanisms for 
the conversion of В to C and C Lo arabinose. 


The sequence of reactions shown in Fig. P24.51. called 
the Weerman degradation, can be used to degrade an 
aldose to another aldose with one less carbon atom. 
Using glucose as the aldose, explain what is happening 
in each step of the sequence. Your explanation should 
include the identity of compounds A and B. (Hint: 
Compound А is а lactone, and a lactone is a type of 
ester.) 


L-Rhamnose is a 6-deoxyaldose with the following 
structure. When a methyl glycoside of L-rhamnose, 
methyl a-1-rhamnopyranoside, was treated with peri- 
odie acid, compound A, C,H ,O,, was obtained that 
showed no evidence of a carbonyl group in its IR spec- 
trum. Treatment of A with CH,i/Ag.O gave a deriva- 
tive B, C,H,,O.. Treatment of A with Н, or NaBH, 
gave compound C, shown here in Fischer projection. 
Give the structure of A. Expluin why A gives no de- 
tectable carbonyl absorption in its IR spectrum. velt re- 


МНН i excess Асу) 
i 
an oxime 
(HOH 
Figure P24.50 
Br; НС Hit NH 
aldose ә ——> 4 


heat 


Figure P24.51 


Мао 
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acts with NaBH,. 


HO т=з ОН CHOH 
[ст | 
( сн, | 96H 
О 
OH ОН Н.С H 
L-rhamnase NE 
{Haworth projection} CHOH 
6 


24.53 Oligosaccharides of the type shown in Fig. P24.53 


(p. 1218) are obtained from the partial hydrolysis of 
starch amylopectin, What ratio of erythritol to glycerol 
would be obtained from successive treatment of a 12- 
units oligosaccharide of the type shown with periodic 
acid. then NaBH,. and then hydrolysis in aqueous acid? 


Cis His и 


CHOH 
H OH CHOH 
H OH | CH—OH 
CHOH CH.OH 
erythritol glvcerol 
Nat АУ 
C=N | 
CH=O 
OAc 
HO H 
Н асна, нон 
OAc 
H OH 
OAc Ф.а 
BN: CH.OH 
CH2OAc D-arabinose 
Ё 


an aldose with one less carbon 


1218 


CHAPTER 24 * CARBOHYDRATES 


24.54 Maltose is a disaccharide obtained from the hydrolysis paper lasts much longer than paper that is not acid- 
of starch. Maltose can be hydrolyzed to two equiva- free.) One sizing process involves treatment of cellu- 
yarars q EP 
lents of glucose and can be oxidized to an acid, malto- lose with 2-alkylsuccinic anhydrides (where R and R' 
bionic acid, with bromine water. Treatment of maltose are short alkvl groups—for example, ethyl or propyl 
with dimethyl sulfate and sodium hydroxide, followed groups): 
by hydrolysis of the product in aqueous acid, vields O 
one equivalent each of 2,3,4,6-tetra-O-methy]-p-glu- 
cose and 2,3,6-tri-O-methyl-b-glucose, Hydrolysis of О 
maltose is catalyzed by о-ату1аѕе. an enzyme known en 
to affect only a-glycosidic linkages. Give nwo struc- | O 
tures of maltose consistent with these data, and explain R' 
your answers. 
f ' TAL а) What general reaction occurs when this sizin 
Treatment of maltobionic acid with dimethy! sul- sa AA н сеи H 2» E 
s r wur agent reacts with cellulose at : 
fate and sodium hydroxide followed by hydrolysis of | 5 | p 
P а smiecus stt] albas 203 4 T (b) Why should this treatment cause the cellulose to 
id ж А and 2 a - ms viter cycle become more resistant to wetting? (In answering 
Bo Y ore PELA. a e бри ill is this question, think of wetting as a solvation phe- 
conic acid. (See Eq. 24.35, p. 1194, for the structure of 
Е А nomenon, } 
р-рјисопіс acid.) Give the structure of maltose. | , 
(с) Why does this treatment cause the paper to be 
: " | slightly alkaline? That is, what hasic group does 
24,55 Planteose, a carbohydrate isolated from tobacco seeds, lii y E: К S RIOSP 
ae ; r : this treatment introduce? 
can be hydrolyzed in dilute acid ta yield one equiva- 
lent each of p-fructose, D-glucose, and D-galactose. Al- à; 
; 79 й 24.57 Outline а mechanism for the reaction shown in Fig. 
mond emulsin (an enzyme preparation that hydrolyzes ЁЛЕ? athich iai. катер ihe Mion! асад 
1 ` r ame Y aan * > + ч LEE 
a-galactosides) catalyzes the hydrolysis of planteose , 
| | | followed by the Amadori rearrangement. 
to D-galactose and sucrose. Planteose does not react ' 
with bromine water. Treatment of planteose with 
: | ; 24.58 Explain with a mechanism why treatment of the 2- 
(CH4,5O0 NaOH, followed by dilute acid hydrolysis, eic ae Node ncn band рї 
yields, among other compounds, 1,3,4-1г1-О-тпеїһу1-п- Ko р T. | 
» S P ? cosamine) with aqueous NaOH liberates ammonia. 
fructose. Suggest a structure for planteose. 
HOCH, О 
24.56 A process called sizing chemically modifies the cellu- HO 
lose in paper. As a result, the paper resists wetting (and HO 3 OH 
thus prevent inks from running). In addition, sizing NH; 
leaves the paper in a slightly alkaline state. ( Acid-free D-glucosamine 
HOCH, 
HO 
HO 
OH 
QO 
“OH 


Figure P24.53 


ADDITIONAL PROBLEMS 1219 


24.59 L-Ascorbic acid (vitamin C) has the following 24.60 At 100 °C, D-idose exists mostly (about 86%) as a 1.6- 
structure: anhvdropyranose: 
O 
= | 
^ д? НЕ 2—16 
"©з /„ен.он 
| но 
or H—l—o 
HO н - 
HO OH 
CH.OH 


a) Ascorbic acid has = 421, is thus aboul as , 
(а) Азор acid һ is pK, — 4 | | ane i Шш MA u A E AE T E PEET 
acidic as a typical carboxylic acid. Identify the 


acidic hydrogen and explain. (a) Draw the chair conformation of this compound. 

(b) Thousands of tons annually of ascorbic acid are (b) Explain why p-idose has more of the anhydro form 
made commercially from p-glucose. In the synthe- than p-glucose. (Under the same conditions, glu- 
sis shown in Fig. P24.59. give the structures of the cose contains only 0.2% of the |,6-anhydro form.) 


compounds A-C. 


CH,—NH A 29 


| 
C=} 
Н.О, heat НО Н 
b-giucose + He) NH; Se 
H OH 
Н OH 
CH3OH 
Figure P24.57 
NaBH biological C 
— US n 
p-glucitol L-sorbose 
(L-sorhitol) (а ketose] 
CH,OH 
KMnO,, OHT H30*, heat жет 
к eee la ac 
CH, О L-ascorbic acid 


H;C—0O CH; 


Figure P24.59 


The Chemistry of th 
atic Heterocycl 


Heterocyclic compounds are compounds with rings that contain more than one element. The 
heterocyclic compounds of greatest interest to organic chemists have rings containing carbon 
and one or more heteroatoms—atoms other than carbon. Although the chemistry of many 
saturated heterocyclic compounds is analogous to that of their noncyclic counterparts, a sig- 
nificant number of unsaturated heterocyclic compounds exhibit aromatic behavior. The re- 
mainder of this chapter focuses primarily on the unique chemistry of a few of these aroinatic 
heterocycles. The principles that emerge should enable you to understand the chemistry and 
properties of other heterocyclic compounds that you may encounter. 


NOMENCLATURE AND STRUCTURE OF 


THE AROMATIC HETEROCYCLES 


A. Nomenclature 


The names and structures of some important aromatic heterocyclic compounds are given in 
Fig. 25.1. This figure also shows how the rings are numbered in substitutive nomenclature. In 


all but a few cases, a heteroatom is given the number |. (Isoquinoline is an exception.) As il- 


lustrated by thiazole and oxazole, the convention is that oxygen and sulfur are given а lower 
number than nitrogen. Substituent groups are given the lowest number consistent with the ring 
numbering. (These are the same rules used in numbering and naming saturated heterocyclic 
compounds: see Secs. 8. [C and 23.1B.) 


a 
CH; : COH 
3 CH;O | : 
r$. Dw, С 
" пе" D 


3-ethylpyrrole 5-methoxyindole 2-nitrofuran 3-thiophenecarboxylic acid 
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c 3 4 ii N: i N 
| | Xi 
т è i xJ ? Е 
№, №. tM 
pyridine pyrimidine quinoline _ isoquinoline purine 
3 ı— N3 I— N5 i— NU 
Cy У d I3 
n. 3, О N, 
H LE Fo H 
pyrrole thiazole oxazole imidazole indole 
| SN OS. | 
furan thiophene benzofuran benzothiophene 
^n * 
Figure 25.1 Common aromatic heterocyclic compounds. The numbers (red) are used in substitutive nomen- 


clature. 


(a) 4-(dimethylamino)pyridine (6) 4-ethyl-2-nitroimidazole 
—3.2 Name the following compounds. 


(a) N (b) NO, (0 CH=o (d) 
A | 


Br^ "w^ M 
| Ny N 


PROBLEMS 25.1 Draw the structure of 


B. Structure and Aromaticity 
Tbe aromatic heterocyclic compounds furan, thiophene, and pyrrole can be written as 
resonance hybrids, illustrated here for furan. 


P : an 
if A -—— —» qi p -— —- -./ ‚25 or Ee бА -«— — M D (25,1) 
с) O AO O O 
ry + + х 


at 
4- 


Because separation of charge is present in all but the first structure, the first structure 15 
considerably more important than the others. Nevertheless, the importance of the other struc- 
lures is evident in a comparison of the dipole moments of furan and tetrahydrofuran, a satu- 
rated heterocyclic ether. 
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cy Q 


O @ 
tetrahydrofuran furan 
dipole moment: ].; I? "ma 
boiling point: Ry; OC R С 


The dipole moment of tetrahydrofuran is attributable mostly to the bond dipoles of its polar 
C—O single bonds, Phat is, electrons in the o bonds are pulled toward the oxygen because of 
its electronegativity. This same elfect is present in furan, but im addition there i5 à second effect: 
the resonance delocalization of the oxygen unshared electrons into the ring shown in Eq. 25.1. 
This tends to push electrons away from oxygen into the z-electron system of the ring. 


2. — 
EA -—— — Z4 у => - „у > е [59.5] 
{) () {) 

+ + 


dipole moment + dipole moment net dipale 

contribution of contribution af moment of 

C—O ег bonds 7Tr-clectron furan 
delocalization 


Because these two effects in furan nearly cancel, furan has a very small dipole moment. The 
relative boiling points of tetrahydrofuran and furan reflect the difference in their dipole mo- 
ments. 

Pyridine. like benzene, сап be represented by two equivalent neutral resonance structures. 
Three additional pyridine structures of less importance reflect the relative eleetronegativities 


ol nitrogen and carbon, 
a м 
ч —À- || > 4—3 3.91 
m 24 — К 
N^ N 


minor contributors 


The aromaticity of some heterecyclic compounds was considered in the discussion of the 
Hückel 4n + 2 rule (See. 15.712). Bt is important to understand which unshared electron pairs 
in a heterocyciic compound are part of the 4r + 2 aromatic z-electron system, and which are 
not t Fig, 25.2). Vinvlie heteroatoms, such as the nitrogen of pyridine, contribute one z eleg- 
tron to the six 7-electron aromalte system, just Hike each of the carbon atoms in the 77 system. 
The orbital containing the unshared electron pair of the pyridine nitrogen is perpendicular to 
the 2p orbitals of the ring and is therefore not involved in a bonding. in contrast. allylie het- 
eroatonis, such as the nitrogen of pyrrole. contribute two electrons (an unshared pair) to the 
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dn + 2 a-electron system 4n + 2 q-electron system {п + 2 q-electron po S bags 


——S—_ —— 


2p orbital 


/ 


2p orbital 


4,99. 9. » orbital 


Р, 


sp sp“ 
orbital orbital 
(a) pyridine (b) pyrrole (c) furan 
The unshared pair is vinylic The unshared pair is allylic One unshared pair is allylic and is 
and thus is not part of the and thus is part of the part of the 4r  2r-electron system; 
4n + 2 sr-electron system. án + 2 q-electron system. the other unshared pair 15 vinylic and is not. 


Figure 25.2 The orbital configurations in pyridine, pyrrole, and furan. (a) In pyridine, the nitrogen 2p orbital, like 
the carbon 2p orbitals, contributes one electron to the 4n + 2 z-electron system, and the nitrogen unshared elec- 
tron pair occupies an sp? orbital (blue), which is not part of the 7 system. (b) In pyrrole, the unshared electron pair 
occupies a 2p orbital on nitrogen (blue), and it contributes two electrons to the 4n + 2 s-electron system. (с) Furan 
has two unshared electron pairs (red), One unshared pair occupies a 2p orbital and contributes two electrons to 
the 4n + 2 m-electron system, as in pyrrole. The other unshared pair occupies an sp* orbital. Like the unshared pair 
in pyridine, it does not contribute to the 4n + 2 z-electron system. 


aromatic m-electron system. This nitrogen adopts sp^ hybridization and trigonal planar 
geometry so that its unshared electron pair can occupy a 2p orbital, which has the optimum 
shape and orientation to overlap with the carbon 2p orbitals and thus to be part of the aro- 
malic 7-electron system. Consequently, the hydrogen of pyrrole lies in the plane of the ring. 
The oxygen of furan contributes one unshared electron pair to the aromatic 7-electron sys- 
tem, and the other unshared electron pair occupies a position analogous to the carbon- 
hydrogen bond of pyrrole—in the ring plane, perpendicular to the 2p orbitals of the ring. 

The empirical resonance energy can be used to estimate the additional stability of a hete- 
rocyclic compound due to its aromaticity. (This concept was introduced in the discussion of 
the aromaticity of benzene in Sec. 15.7C.) The empirical resonance energies of benzene and 
some heterocyclic compounds are given in Table 25.1. To the extent that resonance energy is 
а measure of aromatic character, furan has the least aromatic character of the heteracyclic 
compounds in the table. The modest resonance energy of furan has significant consequences 
for its reactivity. as we'll learn in Sec. 25.3B. 


UIN Empirical Resonance Energies of Some Aromatic Compounds 


Resonance energy Resonance energy 
Compound kJ mol ^' kcal mol ^! Compound kJ mol ^" kcal mol ^' 
benzene 138-151 33-36 thiophene 121 29 
pyridine | 96-117 3 23-28 pyrrole 89-92 21-22 


furan 67 16 
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| PROBLEMS M | | 
| 25.3 Draw the important resonance structures For pyrrole. 


25.4 (a) The dipole moments of pyoole and pyrrolidine are similar in magnitude but have opp- 
site directions. Explain, indicating the direction of the dipole moment in cach compound. 
(Айти: Use the result in Problem 25.3.1 


? 0 


N 


[1 Н 
p- LBD p= L5 D 


(b) Explain why the dipole moments of furan and pyrrole have opposite directions. 
(c) Should the dipole moment of 3.4-dichloropyrrole he greater than or less than that of 
pyrrale? Explain. 


ы 
"n 
бл 


Each of the following NMR chemical shifts goes with a proton at carbon-2 of either pyridine, 
pyrrolidine, or pyrrole. Match each chemical shift with the appropriate heterocyclic com- 
pound, and explain your answer: 8 8.51; 66,41: and à 2.82. 


BASICITY AND ACIDITY OF THE NITROGEN HETEROCYCLES 


A. Basicity of the Nitrogen Heterocycles 


Pyruline and quinoline act as ordinary aminy Bises. 


m AN 
( ) hot =o -ILO 125.4) 
= pm 
У х; 
Н 
Pike Ad 


| ELO ж” | ‚Но I 
T ~ иы е. e 
T 
pA, 04M 


Py riding and quinoline are much less basic than aliphatic tertiary amines (Sec, 23,5) because 
of the sp hy bridization of theiz nitrogen unshared electron pairs; (Recall trom Sec, HTA that 
the basicity of an unshared electron pair decreases with increasing 5 character, 

Because pyrrole and indole look like amines, Ht mis came as a surprise that neither of these 
two heterocyeles has appreciable basicly. These compounds are protonated only. in strong 
acid. and Protonation occurs on carbon. not nitrogen. 


Study Problem 25.1 
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+ 
—— [P yen -— —— tly, e^ а>» ж. + H,O (25.б) 
" н 1 H 7 H 


H H H 
рка = —4 


The marked contrast between the basicities of pyridine and руггоіе can be understood Бу 
considering the role of the nitrogen unshared electron pair in the aromaticity of each com- 
pound (Fig. 25.2). Protonation of the pyrrole nitrogen would disrupt the aromatic system of 
six 7r-electrons by taking the nitrogen’s unshared pair “out of circulation." 


d " \ + H40* AX if \ THO (25.7) 
Ny 
E ' 


N 


| 


H H H 


not aromatig; 
is not formed 


Although protonation of the carbon of pyrrole (Eq. 25.6) also disrupts the aromatic 7-electron 
system, at least the resulting cation is resonance-stabilized. On the other hand, protonation of 
the pyridine unshared electron pair occurs easily because this electron pair is ner part of the 
T-electron. system. Hence, protonation of this electron pair does not disrupt pyridine's 
aromaticil y. 


Imidazole is a base; the pK, of its conjugate acid is 6.95. On which nitrogen does imidazole 
protonate? 


Solution Imidazole has two nitrogens: one has the electronic configuration of pyridine—that is, 
it is vinylic—but the other is like the nitrogen of pyrrole—it is allylic. Consequently, protonation 
occurs on the pyridine-like nitrogen—the nitrogen whose unshared electron pair is not part of the 
aromatic sextet. 


H H 
1 +/ af 
N N N 
T \ + H4O* m =i {у —_—— / A s Н.С (25.8) 
М ) ы 
H H 


does not form 


According to the resonance structures in Eq. 25.8, the two nitrogens of protonated imidazole are 
equivalent; consequently, deprotonation to give imidazole can occur at either nitrogen. Imidazole is 
more basic than pyridine because of the resonance stabilization of its conjugate-base cation. 
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К. 


Further Exploration 25.1 

Relative Acidities of 

1,3-Cyclopentadiene 
and Pyrrole 


B. Acidity of Pyrrole and Indole 


Pvrrole and indole are weak acids. 


Ne + OBI qE [X ч —— —— d if 2 t etc. | + B—H (25.91 
N N 


With pK, values of about 17.5, pyrrole and indole are about as acidic as alcohols and about 
15-17 pK, units more acidic than primary and secondary amines (Sec. 23.5D). The greater 
acidity of pyrroles and indoles is a consequence of the resonance stabilization of their 
conjugate-base anions (Eq. 25.9; draw the three missing resonance structures in this equation.) 
Pyrrole and indole are rapidly deprotonated by Grignard and organolithium reagents. 


) ] 


| 
H MgBr 


PROBLEMS 25.6 (a) Suggest a reason why pyridine is miscible with water, whereas pyrrole has litle water sol- 
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ubility. 

(b) Indicate whether you would expect imidazole to have high or low water solubility, and 
why. 

25.7 (a) The compound 4-(dimethylamino)pyridine protonates to give a conjugate acid with a pK, 

value of 9.9, This compound is thus 4.7 pK, units more basic than pyridine itself. Draw 
the structure of the conjugate acid of 4-(dimethylamino)pyridine, and explain why 4-(di- 
methvlamino)pyridine is much more basic than pyridine. 

(b) What product is expected when 4-(dimethylamino)pyridine reacts with СН? 


25.6 Protonation of aniline causes a dramatic shift of its UV spectrum to lower wavelengths, but 
protonation of pyridine has almost no effect on its UV spectrum. Explain the difference. 


A. Electrophilic Aromatic Substitution 


Furan, thiophene, and pyrrole, like benzene and naphthalene, undergo electrophilic aromatic 
substitution reactions. Let's try to predict the ring carbon at which substitution occurs in these 
compounds by examining the carbocation intermediates involved in the substitution reactions 
at the two different positions and applying Hammond's postulate. 
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Study Problem 25.2 


Using the nitration of pyrrole as an example, predict whether electrophilic aromatic substitution 
occurs predominantly at carbon-2 or carbon-3. 


Solution Recall (p. 755) that the electrophile in nitration is the nitronium ion, *NO,. 
Substitution at the two different positions of pyrrole by the nitronium ion gives different 
carbocation intermediates: 


Substitution at carbon-2: 


= T 

TINO, id i [M | Fan 

LT PRU AUR е LEM аа С NO2) (5.118) 
H | 


H | H H 


Substitution at carbon-3: 


H H H 
Г Ж TG de DA =з 2 (25.116) 
М N4 


Ñ 
| | 


H H H 
The carbocation resulting from substitution at carbon-2 has more important resonance structures 
and is therefore more stable than the carbocation resulting from substitution at carbon-3. Applving 
Hammond's postulate, we predict that the reaction involving the more stable intermediate should 
be the faster reaction. Consequently, nitration should occur at carbon-2, The experimental facts 
are as follows: 


(y. mo, а О. C 
N + HNO; acetic лсана 7 N NO, + T H,O (25.12) 

| | | 

H H H 

(50% yield) (15% yield) 

2-Nitropyrrole is the major nitration product of pyrrole, as predicted. Nothing is really wrong with 
substitution at carbon-3; substitution at carbon-2 is simply more favorable. As Eq. 25.12 shows, 
some 3-nitropyrrole is obtained ir the reaction. 


As Study Problem 25.2 suggests, electrophilic substitution of pyrrole occurs predomi- 
nantly at the 2-position. Similar results are observed with furan and thiophene: 


O С} Q О 
i \ | | i | l 
BF 
/ \ ФЕС —6——O0 —B-—5 Бл?” / \ C—CH, + HaC—C—OH (25.13) 
О Ar O 
(a Friedel-Crafts reaction) (75-9296 yield) 


NO, 


Q б 
QA + HNO: eek зш NO Мы FELO (25.14) 


Ha 


(70% yield) (5% yield) 
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Pyrrole, [итап and thiophene are all mach more reacts e than benzene in electrophilic aro- 
matic substitution. Although precise reactivity ratios depend on the particular reaction, the rel- 
alise rates of bromination are typical: 


pyrrole з furan -> thiophene > benzene (onc) 54 
STN — qx qu po qr | 


Milder reaction conditions must he used with more reactive compounds. (Reaction condi- 
Lions that are too vigorous in many cases bring about so many side reactions Chat polymerization 
and tar formation occur.) For example. a less reactive acy lating reagent ts used in the es lation 
of furan than in the deviation of benzene. ( Recall that anhydrides are less reactive than acid chlo- 
rides: pp. Н-1015. 


С} 
OAK 
AN | || р Е ; = 
ъс e ye —CH; - HEL 225.46) 
7и 


1975 vieldi 
( (1 (7 С} 


Е | | | 
ассо -с—ыш Bee б ссн, - LESES ON 2516h: 


FRE BUT vieldi 


The reactivity order of the heterocycles (Eq. 25.151 is a consequence of the relative abili- 
Hes of the heteroatoms to stabilize positive charge in the intermediate carbocations fas in Eq. 
2S 1a. lor examples. Both pyrrole and furan have heteroatoms from the second period ol the 
periodic table. Because nitrogen ts better than oxygen at delocah zing positive eharge—nitro- 
gen is less electronegative pyrrole is more reactive than furan. The sulfur of thiophene is à 
third-period element and, although it is less electronegative than oxygen, its Ap orbilils over- 
lap less efficiently with the 2p orbitals of the aramatic z-electron svstem (see Fig. 16.7, p. 
77V. [n fact. the reactisqts erder of the heteroecs cles in aromatic substitution parallels the re- 
activity order of the correspondingly substituted benzene derivati es: 


Кисе reactive? 


н + if 3 
(CHAIN a = АҢ, e ^ N - CT, O Ў ` 25,171 


N.N-dimethylaniline anisole thioanisole 


" 


When we consider the activating and directing effects of substituents in furan. pyerole. and 
thiophene rings, the usual activating and directing elfects of substituents in aromatic substitu- 
оп appl (see Table 16.2. p. 7634. Superimposed on these effects is the normal effect of the 
heterocyelie atem in directing substitution to the 2-position; The following example illustrates 
these elects: 


"meta (1,3) 
COH VNECOH COH 


l Д ] ltr | / A if u 
if Jj \ 
if ^ — F H A i a 125 |S 


3-thiaphenecarboxylic acid 5-bromo-3-thiophenecarboxylic acid i mat obser edi маг» 
69", yield: satisties the directing elfect al Ihe directing etlect od 
beth the heteroatomi and = COLL the heteroatom only | 
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In this example. the — CO.H group directs the second substituent into a "met Ch 3i relation: 
Ship: the thiophene ning tends to substitute at the 2-position, The observed product satisties 
both of these directing ерх. (Notice thal we count around the cerbon framework of the het- 
гасы compound. not through the hetereatom, when using iiis ото, meta, para analogs.) 
In the following example. the chloro group is an ortho, para-directing group. Because the po- 
son "para" te the chloro group is alse a 2- position, both the sulfur of the ning and the chiore 
eroup direct the incoming nitro group to the sime position, 


“para (1,4 


d M | HNO ; EOM CM Я _ 
=. "i = AL Li | E — Pa? RRNMDI 
У У 
2-chlorothiuphene 2-chloro-5-nitrothiophene 


КЕША АЛ 


V hen the directing elfects of substituents and the ring compete. itis nob unusual to observe 
mixtures of products. 


the NO» group OLN 
directs here UN 
- D a ТЕ A 1 1^ 
AA o wc 7^ X NO. адар 
the sulfur b x | s | ч | b d 
directs here 
2-nitrothiophene 2,5-dinitrothiophene 2, 4-dinitrothiophene 
ЕШ ШАШУ 
OR ce А к) 

Finali. 1 both 2-posiiens are occtipted, 3-substiation takes place, 
(1 
| 

C — Cl 

O C) / () 
/ à Гг 
. od Du E б Hi | ji \ | | | 
—— — — —— ‘ 7 
ша CH, + НЧ —tl- Е) СТ, — T HLE. - Cli, + (ОН 125201 
acetic anhydride 
2,5-dimethylfuran ето vield | 


B. Addition Reactions of Furan 


The previous sections focused on the aromatic character of Turan. pyrrole. and thiophene, А 
furan. pyrrole. or thiophene could. however. be viewed as a 1.35-butadiene with its terminal 
carbons "tied down" hy a heteroatom bridwe. 


ES 


2 
A 
М | 


"hutadiene" unit within furan 


Do the heiereeyeles ever behave chemically as id they are conjugated dienes’? OF the three 
heteroeyelie compounds furan, pyrrole. and thiophene. furan has the least resonance energy 
(Table 23.1 rand. bs implication, the least aromatic character, Consequently; of the three cot- 
pounds, Turan has the greatest tendenes lo behave like a conjugated diene. 
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One characteristic reaction of conjugated dienes is coumiigate addition (Sec. ТА ФА. In- 
deed, furan does undergo some conjugate addition reactions; One example of such à reaction 
occurs In bromination. For example. furan undereoes. conjugate addition of bromine and 
methanol in methanol solvent: the conjugate-addition product then undergoes an S41 reaction 
with the methanol (Write mechanisms for both parts of this reaction: refer to See. 15.44 if 

a conjugate 


ian Syl reaction 
addition | 
NE | — | | — qc | 
/ M. nn econ — СНУ AU “anon си Net Ch. jess 
: | HH О 


Н H 
+ Ihr + Н! 


mixture od stereciwnners 
[21 4648 yield} 


Dnecessrs. ) 


Another manifestation. of the conjugated-diene character of furan is that H undergoes 
Diels-Alder reactions (See, 15.31 with reactive dienophiles such as maleie anhydriele. 


(t 
D | (0) ——- |o Jem s 
furan O 
maleic anhydride г yield) 


С. Side-Chain Reactions 


Many reactions occur at the side chains of heterocyelic compounds without affecting the 
rings. Just as some reactions occur at the side chain of a substituted benzene (Sees. 17.1-1 7.53. 


ii \ лал) — 
мє Pec. be] bd e po M 
3-thiophenecarbaldehyde 3-thiophenecarboxylic acid 


[95—97'5, viehi 
A particularly useful example of a side-chain reaction is removal of a carboxy group directly 


attached to the ring idecarboxviationi, This reaction is effected by strong heating, in some 
cases With catalysts. 


i) 
. | 
| he. | \ 
{34 ОН — O= + CO). (25 24) 


2-furancarboxylic acid furan 
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PROBEENIS 25.9 Complete each of the following reactions by giving the principal organic product(s). 


(a) Br 


AGH 
5 
i iil 
/ \ - ш br. 
l on -guc—c-—o-—c—CH,; н" 
(c) | 
Rau 
С) CH=0 
td} CH, O 
/ \ + Cm zd 
C] 
S 
Q 
25.10 Write a curved-arrow mechanism for the following reaction. 
in 
+ 
TW т 
T no, Щ m 
+ O-—CH — + HO 
N 


N 
| 
Erlich's reagent H 


(used for detecting pyrroles 
and indoies] 


A. Electrophilic Aromatic Substitution 


In general, it is difficult to prepare monosubsttuted pyridines by electrophilic aromatic substi- 
tution hecause pyridine has a very low reactivity: ilis mugh less reactive than benzene. An Im- 
portant reason for this low reactivity is that py riding is protonated under the very acidic ton- 
ditions of most electrophilic aromatic substitution reactions (Eq. 25.4, p. 1224). The resulung 
positive charge on nitrogen makes it difficult to form a carbocation intermediate; which would 
place a second positive charge within the same ring. 

Fortunately. a number of monosubstituted pyridines are available from natural sources. 
Among these are the methylpyridines, or picefrnmes: 


CHE 
H£ 
di 2 
us ы, 
N N 


a-picoline B-picoline y-picoltne 
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The picolines tand ether methylated pyridines) are obtained from coal tar (See. 16.73, 
Another very useful monosubstituted derivative of pyridine is nteotinic. acid (py ridine-3- 
earhosylie acid), which is conveniently. prepared in a number of ways. one of which is side- 
chain oxidapon of nicotine, an alkaloid present in tabaeco (Pig. 23.4. p. 11561 


F^ 
b) 
Bi- МАЭ, heat neutralize CO.H i 
Е | X LÍ eee "d LIA Iy 
| онан | 
ч. || «Р um 
1 a ч ғ 
М CHE: N 
nicotine nicotinic acid 


TO vied, 


(Nitric acid in this reaction is used as an oxidizing agent.) 

Although electrophilic aromatic substitution reactions are not very usetul for introducing 
substituents into pyridine itself. pyridine rings substituted. with activating groups such is 
melhs | groups do undergo such reactions, 


Dl NO 
g HNO, 27 | 
| ТЕТЫ (25.271 
Н.С CONT СҮН, lke "^ COH. 
2,6-dimethyIpyridine 2,6-dimethyl-3-nitropyridine 
(2,6-lutidine) IR] 0 vield i 


Reuctions such as this. which occur in acidic solution. undoubtedly take place on the very 
mall amount of the unprotonated pyridine that is in rapid equilibrium with the much larger 
I^ 


amount of its conjugale acid. Because the reactive species the unprotonaled hieterocyele 
present in sees small concentration. the meths substituted pyridines are not vers reactive, de- 
spite the presence of the acis ating methyl substituents. 

As the example in Ex, 25.27 illustrates, substitution in pyridine generally takes place in 
the 4-position, Although the methyl groups in Eg. 25.27 also direct substitution to the 
3 position, the tendenc of pyridine to undergo 3-substitution is general even in ihe absence 
of such directing groups. As with other electrophilic substitutions, an understanding of this 
dirgeding effect comes from an examination of the carbocation intermediates formed in sub- 
Jutution at different positions. Substitution in the 3-position vives a carbocation with three 
different resonance structures: 


3-NubsrituHon: 


11 / 2 
7 | УУ" i PF dc 
d | "NOS a 2 “ҳо, жь |. хо, ч > NOD] aos LM 
т s" mE 
X № 


Subsutution at the 4-position alse involves а carbocation intermediate with three resonance 
structures, but the one shown in red is particularly unstable and thus unimportant because йе 
nitrogen, un electronegative atem. is electron-deficient, (See guideline 3 for drawing resonance 
Structures, on p. 712. 
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4 Substitution: 


Н NEY, M UR H NO H NU. 

| 7 : х : " 
z X Я: | 
" | — y = | —> | -«— MANT 
T p ! “= 

X у 


not ап important 


resonance structure 


Be sure to understand that the nitrogen In the red structure is very dilferent from the nitrogen 
in pyrrole during electrophilic aromatic substitution (Eq. 25, i Da. p, 1227). The pyrrole nitro- 
gen is abo positisely charged, bul il is not electron-delteient because it бах a complete octet. 
In contrast, an efectrea-deficient electranegative atom such as the one in Eq. 23.28b is very 
untavorable energetiealls; Consequentls, the carbocation intermediate in 4-substitution is hess 
stable than the intermediate in 3-substtulion, Ay Hammond's postulate. А substitution ts 
therefore the faster reaction. 

[Геге гори: substitution in pyridine occurs at the 3-position. how can we obtain pyridine 
derivatives: substituted: at other. positions? One compound used to ubain 4-subsututed 
pyridines is pyridiine;V-oxide. formed by oxidation of pyridine with 30° hydrogen peroxide. 


чт UE 
| + Н.О). TU (HC RR 
ы 11951 БИР, 

№ х 
pyridine QUU 


pyridine- N-oxide 
(Mu vield i 


An analogs to pyruline-S-oxide from benzene chemistry is phenoxide. the conjugate base at 
phenol Just as phenol or phenoxide is much more reactive in clectrophilig aromate substitu- 
uon than henzene (Sec. 18.91, pyridine- N-oxide 18 much more reactive than pyridine, Because 
the nitrogen of pyridines -oyide has a positive charge. this compound is 2487: less reactise 
than phenol or phenoxide; Nevertheless, pyriine-N-oxide undergoes useful aromatic suhsti- 
lution reactions. and suhstitition occurs in the J-position. 


both substitute in the 4-position 


и» | м 
xus cL 
N 
jim t 
NO 
unine И —| 
s un ти [INE a n S 
l-i, E C йс, : 
: ss T 125.30) 
М ^ 
"ug OT 


Ja yield: 
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Once the N-oxide function is no longer needed, it can be removed by catalytic hydrogena- 
поп: this procedure alsa reduces the nitro group. A reaction with trivalent phosphorus com- 
pounds, such as PCI. removes the A-oxide function without reducing the nitro group. 


REN 


CEL a 


PROBLEMS А с Ms is т Aem ; ' 
25.11 Which should be more reactive in nitration: 6-picoline or a-picoline? Explain using reso- 
nance structures, and give the major nitration product(s) in each case. 


25.12 By drawing resonance structures for the carbocation intermediates, show why aromatic sub- 
stitution in pyridine-N-oxide occurs at the 4-position rather than at the 3-position. 


B. Nucleophilic Aromatic Substitution 


En contrast to its low reactivity in electrophilic aromatic substitution, the pyridine ring readily 
undergoes nacieophiilie aromatic substitution. A rather unusual reaction of this type can be 
used to prepare 2-uminupyridine. 1n this reaction, called the Chichibabin reaction, treatment 
of a pyridine derivative with the strong base sodium amide (Ма? ~NH,: Eq. 14.21. p. 663) 
brings about the direct substitution of an amino group for a ring hydrogen. 


i мно >œ 
+ NaNH, ———À || + NaOH + H; эда, 
a . zu 
N^ >H ^N "KH. 
pyridine 2-aminopyridine 


i hi —; Ap vlekli 


[n the first step of the mechanism. the amide ion reacts as a nucleophile at the 2-position of 
Ihe ring to form a tetrahedral addition intermediate. 


NH | 0Q3330 


H 


tetrahedral addition intermediate 


This step of the mechanism can be understood by recognizing thal We C==N паре of the 
pyridine ring ty xomewhut ahdlogeus to a curbonvl group; that is. carbon at the 2-position has 
some of the character of a carbonyl carbon and сап react with nucleophiles. The CN group 
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of pyridine, though. is vied less reactive than a varbony] group because it is parl of an aro- 
matic system and because a nitrogen anion is considerably more basic than an oxygen amon. 


Compete: 
| " d Мис ж [ „с a s. “Nuc > A (25 43h} 


(7: Nuc = nucleophile) 


[n the second step of the mechanism. the leaving group, а fydride fen is lost. 


| гухи, —- | + Nall (5.330) 
n - E a 
NO. у ми, 
ч 
мат 


Hydride ion is а very poor, and thus very unusual. leaving group because it is very basic. This 
reaction occurs for two reasons, First, the aromatic pyridine ring is reformed: aromaticity lost 
in the formation of the tetrahedral addition intermediate is regained when the leaving group 
departs. Second, the basic hydride produced in the reaction reacts with the — МН. group irre- 
versibly to form dihydrogen ta gas) and the resonance-stabilized conjugale-base anion of 2- 


aminops nidine, 


Te -— is 
| з mH Ht Mau ———- (em, 7—8 etc. | + HP QUOD 
AM N N NH 


эы 
11 


The neuiral 2-ammopsyridine is formed when water is added in a separate step. 


m separa [c m 
ELEM k . 
> 1 HO l | + Ма]! (25.3301 
24 


TUM E I 
N^ "NH Nat N М, 


A reaction similar to the Chichthabin reaction occurs with organolithium reagents, 


(OR heat ] O0 ` 
‚ ы ® Erie е КАЙР ади 
чы ud 2 
N H N Ph 
pyridine 2-phenylpyridine 


|40-49" yield 


When pyridine is substituted with a better leusing group than hydride at the 2- position. H 
reacts more rapidis. with nucleophiles. The 2-halops ridines. for example. readily undergo sub- 
«tution of the halogen bs other nucleophiles under conditions thal are much milder than 
those used in the Chichibabin reaction. 
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a 
Zu МН . Te 
Nat Ме ———X | A. coe ee RASSE 
к 
OM 
2-chioropyridine 2-methoxypyridine 


puoi, vield | 


This nucleophilic substitution ean also be related to the analogous reaction ed a carbon | eom- 
pound. This reaction of à 2-chloropsridine resembles the nücleoplilie асу substitution reaction 
ol an acid chloride except that acid chlorides are aech more reactive than 2-halops ridines. 


Crmpeure: 


Nuc: TS Мис : 
— || p. [SS xo (74364 
| ` c Ag C] C) мис 
C. N Мис 


The nucleophile substitution reactions of pyridines ean be elassilied as плеерлер ir- 
тане substitution reactions; Recall that ars] halides undergo nucleophilie aromatic substitu- 
uon when the benzene ring is substituted with eiectron-withdrawing groups (Sec. 18.43. The 
"clectron-withdraw ing group” in the reactions of pyridines is the pyridine nitrogen itself. The 
tetrahedral addition intermediate (Eq. 25.332) is analogous to the Metsenheimer comptes of 
nucleophile aromatic substitution (Eqs. 18. 16a-c. p. 8291. Thus. there is a mechanistic paral- 
lef between three types of reactions: £12 nucleophilic асу! substitution, a typical reaction of 
carboxylic acid derivatives: (2) nucleophilic aromatic substitution; and (3) nücleophilie suh- 
stitution on the pyridine ring. 

The 2-aninopyrkdines formed in the Chighibubin reaction serve as starting materials for а 
variety of other 2-substituled pyridines, For example. diazotization of 2-aminopyriding gives 
a diazonium jon that ean undergo substilution reactions (хес Sees. 23. 10A T 1, 


& uli on 
TUS Мама HBr —_ Не, Br. ч Ta" 
| == =» || Aa Fa 
RN Pm А MN Ecc + ч E 
^ NH: N No Beo N Br 
2-aminopyridine 2-pyridinediazontum 2-bromoepyridine 
bromide REY a veldi 


When the diazonium salt reacts with water. ibis hydrolyzed to 2-hydroxs pyridine, which in 
most solvents exists in its carbonyl Form. 2-pyridone. 


= HO N зы, 
| -—— * | BREL 
t + ч 
b \. ы Мын WR 
7 Н 
2-pyridinediazonium ion 2-hydroxypyridine 


2-pyridone 


Let us consider brieth the equilibrium between 2-hsdroxs pyridine and 2-pyridene. This is 
analogous to a Kketo-eno] equilibrium, except that the “keto” form is an amide in this ease. In 
this equilibrium, the ratio of the hydroxy form to the carbonyt form is 1:910 in water. but the 
ralio varies with concentration and with sobent in the vapor phase the ratio is 1:14. The im- 
portant points aboul this equilibrium. however. are (13 enough of each form is present so that 
either form сап be involved in ү reactions: and (2) gmeh more carbons] isomer is pre- 
«ent than there is in phenol tiq. 22.14. p. 10541. Why should this he so? A major factor that 
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determines whether an aromatic hydroxy compound exists as a carbonyl or hydroxy о) 
form is Whelher Ihe energetic ads antage ol aromatici that is. the кезешне stabili Ган ot 
the aromate hydroxy pomer outweighs the large carbonyl C=O bond energy. In the cuse 
of phenol üself. the resonance stabilization ol the benzene ring 15 large enough that the phenol 
Komer is strongly prelerred. As Table 25.1 (p. (223) shows. the resonance energy, and thus 
Ihe resonance stabilization. of pyridine 1s considerably smaller than that of benzene. More- 
aver, Ihe resonance interaction of the amide nitrogen with the carbons | group further stabilizes 
2-pyridone. As the Following structure shows. the resulting resenanee structure is ати, 
Consequently. 2-pyridone itself has а signitivant amount ol arematie character. The keto isu- 
mer of phenol has no stabilizing contribution ot this sort. 


en 

| БЕКИ 
+ A =а = 

lu d | 
HI _ 


AO ATONIA, 
EEMO SEE LCT UTE 


2-Pyridone undergoes some reactons that are similar to. the reactions of hsdroxy 
compounds that we have studied. For example. treatment of 2-pyridonc with PCI; gives 
Z-ehbaropyruline. 


i: heu 

| pu + ре. ж (25,44 
be 
1 


2-chloropyridine 
2-pyrulone 


[we think of 2-psridone 1n terms of pns 2-hydroxs pyridine isomer, Ihis reaction is similar to 
the preparation of acid chlorides from carbosslie acids, 


| — y | Is sumar to К — К, 15 103) 


N^ ^ OH ^N dic | O^  ^OH O^ “g 
] E 


Nolice avain the analogy between pyridine ehenustrs and carbonyl chemistry. 
Pyridines with leaving groups in the J-position also undergo nucleophilic substitution re- 


i ELON. 
NHPh NHPh 
: EREI! К. . AN а 
- PhHNH.» ж | ~ HCl ж" | C] (25,41) 
27 ке 

N кч 

H 
4-chloropvridine 4-(phenylaming}pyriding 


As Ihe examples in this section suggest. nucleophilic substitution reactions at the 2- and +- 
positions of à pyridine ring are particularly common. The reason follows from the mechanism 
ol this type of reaction: Negative charge in the addition intermediate is delocalized onto the 
electronegative pyridine nitrogen. 
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Substirution ut curbon-2: (Y. — leaving group. Мис = nucleophile) 


> В ID 
{М —— —— TGIY o (J5 43a 
C T | MAC NUC a | 
n: y N rs N NIC 
T А, 


Substirution at сигбеш-4; 


Y M 
Nue d 
T C 
| К —- qa ж (25,421 
bo Me ae f 
N A 


What about substitution at carbon-3? 3-Substituted pyridines are по reactive in nucle- 
ophilic substitution because negative charge m the addipon intermediate. caret be de- 
localized onto the electronegatise nitrogen: 


Subsrittion ut сағеон- л: 


LO 2-5 Ne NU "d Nuc zT Nuk 
| „ —- | 4 * o» <>» | dass 
г > TA T 


PROBLEMS = T | ; ee 

| PROBLEMS 25.13 Give the structure of the product and a curved-arrow mechanism for its formation in the re- 
action of 4-chloropyridine with sodium methoxide. Draw all important resonance structures 
For the addition intermediate. 


25.14. Which compound should undergo substitution of the bromine by phenolate anion: 
4-bromopyridine or 3-bromopyridine? Explain, and give the structure of the product. 


C. N-Alkylpyridinium Salts and Their Reactions 


Pyridine, like many Lewis bases. is a nucleophile. When ps ridines react in S42 reactions with 
alkyl halides or sulfonate esters. N-e/kvipyridinium salts. are formed. 


"s ss 
| + СНІ — | (nearly quantitative] (28.43) 
a жт Е 
A methyl NÉ | 
n iodide | 
pyridine CH 


[-methylpyridinium iodide 
lan N-alkvlpyridinium salt! 


№ Alkylpyridinium salts are activated. toward nucleophihe reactions at the 2- and 4-posi- 
tions of the ring much more than pyridines themselves because the positively chareed nitrogen 
Is more electronegative, and is therefore a better electron acceptor. than the neutral nitrogen of 
a pyridine. When the nucleophiles in such displacement reactions are anions, charge is neutral- 
ied. [n the following reaction. for example, the pyridinium salt reacts as an electrophile at its 
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2-position with the hydroxide ion nucleophiles the resulting hydroxy compound ts then oxi- 
dived by potassium ferricyanide [КР C N i] present in the reaction mixture. 


oS de Каре wis 
| GOH —— | (25441 
b "a uz B H ux nitur 

N+ M^ М. 

| OH 

CH, CH, CH, 


A btolosical example of nucleophilic addition to the 4-positian of a pyridinium ring is 
found in biological oxidations with МАЮ? (Eq. 10.462, p. 4641. 

l'yridine-N-oxides are in one sense pyridimum toms, and they react with nucleophiles in 
much the sume way as N-alkylpymdinium salts: 


79 н.о tou ч 
| + phMeBr ——» : | + JF ACOH (2445) 
+ Е dehydration p 
N N Ph 
‘om 2-phenylpyridine 


pyridine N-oxide 


D. Side-Chain Reactions of Pyridine Derivatives 


The “benzylic” hydrogens of an alkyl group at the 2- or 4-position of u pyridine ring are more 
acidic than ordinary benzylic hydrogens hecause the electron pair (amd charge) in the conju- 
gate-base anion is delocalized onto the electronegatis e pyridine nitrogen, 


(m MT 
| - CHACHLCH.CH.Li эн К CHQCHSCHoCH, — (2846) 
a m 


| "s 
Зм “сн. СЕТЕ 


i 
Hh [ lic 


(Draw the resonance structures of this ion and verify that charge is delocalized onto the pyri- 
dine nitrogen. i As the example in Eq. 25.46 illustrates, strongly Basie reagents such as organo- 
lithium reagents or МаН. abstract a “benzylic” hydrogen from 2- or J-alkvipyridines. The 
anion formed in this way has a reactivity much like that of other organolithium reagents. In Eq. 
25.47. for example. Ji adds to the carbonyl group of an aldehyde to give an alcohol (Sec. [9.9]. 


| ч acres | ~ OH 
p 2j)0-CH- CH CH CH. " 
Hc NA Т, go HG NT ЗОНЕ = ССН, уаз дз, 


This reaction is another example of the analogy belween pyridine chemistry and carbonyl 
chemistry. H the C—N linkage of a pyridine ring is analogous to a carbonyl] group. then the 
"benzxlic" anion is analogous to an enolate anion. 


is analogous to pou 25.481 
o7 “CH 
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On the basis of this analogs. then. it is reasonable that these anions should undergo some of 
the reactions of enolate anions. such as the aldol-Hke addition in Eq. 25.47. 

The "benz lic Bsdrogens of 2- or d-alky lp ridinrum salts are much more асв than those 
ob the analogous pyridines because the conpugale-hase "anion ts actually a neutral com- 
pound. as the Following resonance structures show: 


| ЮН „| ч» + [B 12549) 
a е, i | 6, Lo 6s GU 
МЕ С. H ү CH, 
| 
CH CH; 


The “benzyl” hydrogens of 2- or J-al&sipyridinnum salts are acidi enough that the conjugate- 
base "unions" can be formed in useful concentrations by aqueous NaOH or amines. In the fol 
lowing reaction, which exploits thts acidity; the conjugate base of à pyridinum sait is used as 
the “enolate” component in a variation of the C laisen-Scehmidt condensation (See, 22.50. 


CII, GH —CH — Ph 


к у ri dine 


| в—єн= о — > -HLO (25.50 
— 
TNT 


CH, En. 


АЫ wield: 


Мапу stde-chain reactions of pyridines are analogous to those of the corresponding ben- 
zene derivatives. For example, side-chain oxidation (Sec. 17.51 1s a useful reaction of both 
alkyIbenzenes and alkvlps ridines. The oxidation of nicotine to nicotinic acid (Ry. 23.26. p. 
АЛ an example of such a reaction. 


PROBLEMS | — н | T ' І ' 
| PROBLEMS | 25.15 Give the principal organie product in the reaction of quinotine with each of the following 
reagents. (Afi: Consider the similar reactions af pyridine. i 


(a) Ае Н.О, (0) МАМН.. heat; then H-O (с) product of part (а). then HNO.. H,SO, 
25.16 Oulline a synthesis for each of the following compounds from the indicated starting material 

and any other reagents, 

(a) 3-methy]-A-nitropyridine from S-picoline (p. 12311 

(b) 43-melhiyI-3-nitropynridine From v-picoline 


(c) | SA 
“> s ы " а ' E 
N CH.-—CO.-H from e-picoline (Hint: Sec Sec. 20.6.) 
(d) 3-aminopyridine trom S-picaline 


25.17 Predict the predominant product in each of the following reactions. Explain your answer, 
(а) 3.4-dimethyIpyridine + butyllithium {1 equiv.) then СН —— (C. HN) 
(bi 3X.4Alibromopyridine + NH, heat — (CHBrN) 


E. Pyridinium lons in Biology: Pyridoxal Phosphate 


The chemistry in the previous three sections has as tts basis the fact that the nitrogen of the 
pyridine ring ean serve as an acceptor of electrons and that this eleetron-acceptor tendenes is 
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particularly enhanced in pyridinium ions. Review this idea by noticing in Eq. 25.44 (p. 1239) 
that the pyridinium ion is strongly activated toward reactions with nucleophiles; notice partic- 
ularly the electron flow onto the positively charged nitrogen. Notice also in Eq. 25.49 that the 
positively charged nitrogen of the pyridinium ion serves to stabilize the attached carbanion by 
resonance. This chemistry has some close parallels in the biological world. For example. re- 
viewing Sec. 10.70 will show how the pyridinium ton of NADY serves as an electron accep- 
tor in biochemical reductions. (Notice particularly Eqs. 10.45 and 10.462 on pp. 463 and 464.) 
Another biologically important pyridine derivative, pyridoxal phosphate, fulfills a similar 
mechanistic role in other reactions. 

As shown in Fig. 25.3, pyridoxal phosphate is one of several forms of vitamin B,. Pyridoxol 
was the first form of the vitamin discovered as a nutritional factor in 1934. bul, in 1944. Es- 
mond Snell (1914-2003). of the University of Texas, noticed that metabolites of pyridoxol se- 
creted in the urine are more active. These metabolites turned out to be pyridoxal and pyridox- 
amine, Through the next decade, Snell and his co-workers elucidated the chemical role af 
these compounds. 

Pyridoxal phosphate is an essential coenzyme (p. 463) in several important biochemical 
transformations. Here are only three of many: 


Decarboxviation of amino acids: 
O 
| " 
H,O* + RCH,CH—C—O- —- RCH;CHiNH, + O—C—0O + НО (25.51) 
*NH; 


This transformation is utilized for the production of biologically important amines, such as the 
neurotransmitters serotonin and dopamine in the human brain, and the vasoconstrictor hista- 
mine. 


O =. | 
| СН=0 CHO 
~Q—POCH, Q7 HOCH: O- 
SI e 
a wA Mi. | 
М CH; N CH; 
H H 
pyridoxal phosphate pyridoxal 
+ ч z 
СН.МН; CH.OH 
HOCH, o- HOCH; OH 
TA “ 
t | | | ge 
М CH; N CH, 
H a 
TT pyridoxol 
pyridoxamine (pyridoxine) 


Figure 25.3 Various forms of vitamin Bẹ Pyridoxol was the first form to be isolated, but any of the compounds 
shown can serve as a source of the vitamin. (For example, pyridoxol сап be oxidized and phosphorylated to give 
pyridoxal phosphate.) Pyridoxal phosphate is the form of the vitamin involved in most biochemical transforma- 
tions; pyridoxamine phosphate is an intermediate in some transformations. All compounds are shown in the ion- 
ization states in which they exist at pH 7.4 (physiological pH). 
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Interconversie ef oca acids and a-kete acids: 
i" о O O uU C) 
|] | d | | d | 
Ко + BRLIBG—£—O0^ м” REHU сот Ig 60^ (552, 
FNH, an er-keto ucid *NH. 


an a-amino acid 
This process is an important ane in the biological synthesis and degradation of amino acids. 


Lass of formaldehyde from serine: 


. {) 
HOCH.CH——i(.—17  —— О=СНн, + H;C6C—C—O0- [2503] 
| 1 
* NH. formaldehyde *KH, 
trapped һу | 
serinc tetrahydrofolate, glycine 
[an a amino acidi amber vitamin] 


This conversion Is important ах а source of single-carbon units for biological processes that in- 
valve «ingle-carbon transfer. 

In iological systems, each of these reactions is catalyzed hy pyridoxal phosphate and an 
appropriate enzyme. These reactions can also be catalyzed by psridoxal alone in the labora- 
tory at elevated temperatures in the presence of certain metal ions. 

Lets examine the first of these reactions to illustrate the essentials of pyridoxal phosphate 
catalysis. in the discussion that follows. keep your eye on the protonated pyridine ring of pyri- 
doxal phosphate and relate the various transformations to the reactions of Ihe previous sec- 
tons. 

In the biological world, pyridoxal phosphate exists as imine derivatives in which it is 
covalently attached to various enzymes (E = enzy met. 


CH=) CH—N— Е 
ie h^ 
E= NA ' => | + НО (25,54) 
tL : 
РА N N 
an àmino group Hi Li 
at the enzyme | | 
in pyridoxal phosphate pyridoxal phosphate 
abbreviated structure! attached to the enzyme 


as an mnie 


(In this and subsequent equations, an abbreviated structure for pyridoxal phosphate is used for 
simplicity.) [n the first step of all pyridoxal-catulyzed reactions of a-umino acids. the amino 
group. acting us a nucleophile in its unprotonated form, forms an imine with pyridoxal phos- 
phate. This is exactly like imine formation from an amine and an aldehyde (Sec. 19.1] A}, ex- 
сері that the reaction of the amine group is with the С==М bond of an imine rather than with 
the C=0 bond of an aldehyde, 
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CHI—N—E CIL—N — CHCH;R 
| 
у Mem COS 
RCH;SCH—CO; + || == || + HN CE (25.85) 
w + m + 
к N М 
Н; Н 14 
и M enzvme-attached mine derixative of 
чирли опы pyridoxal phosphate the ec amino acid and 


pyridoxal phosphate 


(Because (mines are sometimes culled Мн bases, this reaction is sometimes whimsically 
called “trans-Schilfivation.”) Decarboxylation yields what appears to he a carbanion берне 


те. 
о. Le 
Sc 
| 
| К | n 
CHi=N—CHCH.R CH=N—CHCH.R 
s LT 
—- + | (25.862) 
Su dee Se 
N N 
11 Il 
Taine derivative of the e-amimo aca a сатат intermedrate 
and pyridoxal phosphate 
(See also Ex1.22.63a, р. 1082. for a similar reaction in fatty-aeid biosynthesis.) This. however. 


is no ordinary carbanion. Most carbanions are such strong bases that they cannot exist under 
physiological conditions; however. this earbanion is a much weaker base because ff is srabi- 
тей by resenancee: 


CH-2-N-——C—CH.R Quoc on CH—N —U—CH.R 
Gan ENS COT v? ie, COT 
2—3 | AM <—> | (25, 56h] 
~ t oa i 
N N 
Н Н 


three of the many resenance structures for the carbanion intermediate 


(Onls three of the mans possible resenanee structures are shown: vou should draw others.) 
The curved arrows in the middle structure, which result in the structure on the right, show how 
the pyridintum ien stabilizes negative charge bv accepting electrons. In aet, ine red part of the 
structure on the right shows that the "earbanion is really not a earbanion at all it is a neutral 
molecule. (Compare with Eq. 25.49 on p. 1240.) The same type of "carbanion" is involved in all 
of the pyridoxal-catalyzed transformations discussed im this section; (See Problem 25.18.) 
Given how important the pyridinium ring is for delocalizimg charge in the reactions of 
pyridoxal phosphate. a pertinent question is whether pyridoxal phosphate actually exists in the 
pyrdiniuim-ion form. А typical pA, of pyridinium tons is about 5 (Eq. 25.4, р. 1224). Yet the 
reactions promoted by pyridoxal phosphate take place at physiological pH values (about 7.4). 


It the pyridinium im in pyridoxal phosphate had a pK, near 5. most of it would exist as the 
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conjugate-base pyridine Form at pH 7.4: Jess that 152 of it would exist in the coniugate-acid 
pyridinium-1on form, (Verify this conclusion) It turns out that the molecular archtleeture of 
pyridoxal phosphate ensures a much higher concentration of the crucial pyridinium-ion form. 
The Key element in the structure is the — OH group in the 3-position and its ortho relationship 
la the aldehyde (see Eg. 25.57) This ortho relationship makes the phenelic —O0H group of 
pyridoxal phosphate santrali acidic. Why? See Probieni 18.3000), р. 861.) Fonizution of the 
phenolic —OH group, in turn. raises the pA, of the pyridinium ion because the negative 
charge af the phenolate stabilizes the positive charge of the pyridinium ion tand vice versit. 
AS a result, the predominant form of pyridoxal phosphate at phystological pH is the form in 
which the phenol is ionized and the pyridine is protonated: 


) _ ) | 
i i. | СН=0 
"O— POH IL. J C) — POM IE, = 

Р Y rt | | » CH Js Q0 

m | Т a (7 | . (25.4571 
Mis ee i 

ay: N CH, 
335 at equilibrium Е! 


бл at equilibrium 
two forms of pyridoxal phosphate 


But that's not all. When pyridoxal phosphate is bound tothe enzxmes that catalyze ts reactions, 
the pyridinium ferm is further stabilized. In one well-studied case. this stabilization is the result 
of an tonived carboxylate group that interacts directly with the positively charged nitrogen: 


inne Кан n: enzvme 


- — CII—N—E 
сватови stabilization of 2-0,POCH, T 
| the protonated nitrogen by I 
an ionized carboxylate M 
+ 
group of the enzyme а | S^ cH, 
V | 
cs. H 
Кы: 
B 


Ам уой сап see, everthing conspires fo ensure that the ps ridimium nitrogen stays protonated! 


PROBLEMS TR I — i и | 
| PROBLEMS | 25.18 (a) Pyridoxal catalysis of Eg. 25.52 mvolves the following transformations. (Running these 
reactions 1n the reverse direction with a ditferent e-Keto acid completes Eq. 25.52.1 


EE VD. CH.—N-C—CH,;R 
COF s CO HO 
= | _———= 
it 
N 
H 
(from Eq. 35.55, p. 12431 тыны: О 
ES | 
| + 7O,C—C— CHR 
duet 
I an a-kete ада 
H 


pyridoxamine phosphate 
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Using bases (B:) and acids (BH) as needed, provide curved-arrow mechanisms for these 
reactions. Your mechanism should show the important intermediates. As part of your 
mechanism. explain the significance of the pyridinium ion in the catalysis of this reaction 
sequence. 

(b) Using bases (B:) and acids ("BH) as needed, provide a curved-arrow mechanism for the 
conversion of the а-атипо acid serine into formaldehyde and glycine (Eg. 25.53. p. 
1242). 

25,19 Isoniazid 1s an antituberculosis drug that operates by reacting with pyridoxal phosphate in 
the causative Mycobacterium. Show how isoniazid reacts with pyridoxal phosphate. (Hint: 
See Table 19.3, p. 928.) 


NHNH, 
i 


isoniazid 


NUCLEOSIDES, NUCLEOTIDES, AND NUCLEIC ACIDS 


Heterocyche compounds occur widely in living systems. Heterocyclic compounds, specifi- 
cally derivatives of purine and pyrimidine (Fig, 25.1, p. 1221). play a very important role in the 
structures of the nucleic acids DNA and RNA. polymers that are responsible for the storing and 
transmission of genetic information. This section introduces nucleic acids, and Sec. 25.6 intro- 
duces sorne of the other heterocyclic compounds that are important in living systems. 


A. Nucleosides and Nucleotides 


A ribonucleoside is a compound formed between the furanose form of p-ribose and a hetero- 
cyclic compound. The heterocyclic group is commonly referred to as the base, and the ribose 
as the sugar. The stereochemistry of the bond between the base and the ribose ts most com- 
monly 8 (pp. 1179-1180). A deoxyribonucleoside is a similar derivative of p-2-deoxyribose 
and a heterocyclic base. The prefix deoxy means "without oxygen"; thus, 2-deoxyribose is a 
ribose that has an —H instead of an — OH group at carbon-2. 


ies T й H ES 
[ base) Ao ase 
Но Сн, 
ribose 2-deoxyribase 
(sugar) (sugar) 
OH OH no 2’-OH group 
adenosine 2'-deoxythymidine 


(a ribonucleoside) (a deoxvribonucleoside) 
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Notice that in these structures the sugar ring and the heterocyclie ring are numbered sepa- 
rately. To differentiate the two sets of numbers. primes ( ) are used in referring to the atoms of 
the sugar. For example. the 2° (pronounced перес) carbon of adenosine is carbon-2 of the 
Jugar тиш. 

The bases that occur most frequently in nucleosides are derived from two heteroeyelie ring 
systems: pyrimidine and риле. (The numbering of these rings is shown im red.) Three bases 
af the pyrimidine (уре and two of the purine type occur most commonly. 


Sj NEN 
Ф Ча; 
80 Ms ee 
N N^ ^N 
H 
pyrimidine purine 
NH, о O О NEL 


үт | E à 
LA Мә ЦА uae QA 
Н 


М С) SN Ü Н.М М і мч | 

H H | ii H 
cytosine uracil thymine guanine adenine 

(C) [U: occurs 1n RNAI LT; occurs in DNA { iAl 


The base is attached to the sugar at N-9 of the purines and N-] of the pyrimidines, as in the 
preceding examples. 

In living systems, the S° —OH group of the ribose in а nucleoside is usually found 
esterified to a phosphate group. A S’-phosphorylated nucleoside is called u nucleotide. A ri- 
bonucleotide ts derived [rom the monosaccharide ribose: a deoxyribonucleotide is derived 
from 2'-deoxyribose. Some nucleotides contain a single phosphate group: others contain two 
or three phosphate groups condensed in phosphorte anhydride linkages. 


Q NH; 


three condensed 
phosphate groups 
Q O O 
| T 
| | | 
~“O—P—_ O—_P—_O—P—_0)- 


D O^ С) 


OH OH OH ОН 


uridylic acid, or UMP adenosine triphosphate, or ATP 
thor rridine monophosphate’ 


Although the tonization state of the phosphate groups depends on pH, these groups аге writ- 
ten conventionally in the ronized form. 

The nomenclature of the live common bases and their corresponding nucleosides and nu- 
cleotides is summarized in Table 25,2. This table gives the names of the ribunucleosides and ri- 
bonucleotides. To name the corresponding -deoxy derivatives. the prefix 2 -deesy tor simply 


0) 


O » 
| | 


— — 
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TABLE 25.2 Nomenclature of Nucleic Acid Bases, Nucleosides, and Nucleotides* 


Nucleotide Abbreviation for 
Base Nucleoside (5'-monophosphate) the monophosphate 
adenine (A) adenosine adenylic acid AMP 
uracil (LI) uridine uridylic acid UMP 
thymine (T) thymidine thymidylic acid TMP 
cytosine (C) cytidine cytidylic acid CMP 
guanine (С) guanosine guanylic acid GMP 


*The deoxyribonucleosides and deoxyribonucleotides are named by appending the prefix deoxy, for example: 
deoxvadenosine deoxyadenylic acid dAMP 
The prefix deoxy means 2'-deoxy unless stated otherwise. 


deoxy) is appended to the names of the corresponding ribose derivatives. For example, the 2'- 
deoxy analog of adenosine is called 2’-deoxyadenosine or simply deox yadenosine. In addition, 
the names of the mono-, di-, and triphosphonucleotide derivatives are often abbreviated. Thus, 
adenylic acid is abbreviated AMP (for adenosine monophosphate): the di- and tri-phosphory- 
lated derivatives are called ADP and ATP, respectively (see preceding example). The abhrevia- 
tions for the corresponding deoxy derivatives contain a d prefix. Thus, 2'-deoxythymidvlic acid 
ean be abbreviated dTMP. 

In addition to their role as the monomeric units of RNA, ribonucleotides also have other 
important biochemical functions, some of which have already been presented. NAD", one of 
nature's important oxidizing agents (Fig. 10.1. p. 462), and coenzyme A (Fig. 22.3, p. 1081) 
are both ribonucleotides. One of the most ubiquitous nucleotides is ATP (adenosine triphos- 
phate}, which serves as the fundamental energy source for the living cell. ATP is an anhydride 
of phosphoric acid. The hydrolysis of anhydrides is a very favorable reaction (Sec. 21.70). 
Thus, the hydrolysis of ATP to ADP, shown in Eq. 25.58, liberates 30.5 kJ mol ^! (7.3 kcal- 
mol!) of energy at pH 7; living systems harness this energy to drive energy-requiring bio- 
chemical processes, 


P—O—P—O—P—OCH; adenine 
_O 


ү / [37 


a phosphoric 
anhydride 


ATP 


О) O 
| | | | ( ) 


aD)-——H-—-O—F—£U — EI; adenine | 
@, 


P i | | + X анай. H + Ке, 


OH OH inorganic 


phosphate 


ADP (25.538) 
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Muscle contraction. сип eneres-requirine process—is an example of the hbioloeical use af 
ATP hydrolysis ta provide energy; Abbrevialing morganie phosphate as Р. the overall process 
for muscle contraction can be summarized as tellow «s; 


егиу d muscle — + contracted ПИСЕ 
ATP — ТЫ ——. ADP + р, + energy LAA 
sum: ATP = muscle + PbO —- ADP + P, + contracted muscle 


(A human might use 0.5 ke of ATP per hour during strenuous exercise!) few living organisms 
use the energy from ATP hydrolysis is a subject (hat we leave tor your study of biochemistry: the 
important point 1s that ATP hydrolysis is involved m mans of the bialowieal processes that re- 
quire energy. The energs l'or making ATP from ADP is ultimately derived [rom the foods we eat. 
such as carbohydrates: and the carbohydrates (hat we use as foods are produced by plants using 
solar enerey harnessed by the processes of photoss теч. 


PROBLEM 25.20 Draw the structure of (a) deoxythymidine monophosphate (4 TMP): (b; GDP. 


B. The Structures of DNA and RNA 


Nucleic acids are polymers of nucleotides. Deoxyribonucleic acid (DNA) is a polymer of de- 
oxS ribonucleotides and is the storehouse of genetic information throughout all of nature (with 
the exception of certam viruses), The monomerie units ol the DNA pob mer are culled residues. 
A three-residue segment ot DNA is shown in Fig, 25.4. This figure shows that the nucleotide 
residues in DNA are interconnected hy phosphate groups that are esterified both tothe 3 -OH 
eroup of one ribose and the 5° — OH of another. The DNA pols mer incorporates adenine. 
Ihanine. guanine. andes tosine as the nucleotide buses, Although only three residues are shown 
in Fig. 25.4. a typical strand of DNA might be thousands or even millions of nucleotides long. 
Euch residue in a polynucleotide is differentiated by the identity of tty Base. and the sequence of 
bases енене the genetic informaron imn DONA, The DNA polymer is thus a backbone of alter- 
naling phosphates and 2 -deoxsribose groupes to which ure connected bases that ditfer from 
residue to residue. The ends of the DNA polymer are labeled 4° or 3°. corresponding to the de- 
oxvribose carbon lo which the terminal hydroxy group is attached. 

Ribonucleic acid (RNA) polymers are conceptually much like DNA poly mers. except that 
ribose. rather than 2 -deoxy ribose, is the sugar, Three of the four bases in RN A are the same 
as in DNA: the fourth base. uracil. oceurs in RNA instead of thymine (p. £246), and seme rare 
bases (not considered here) are lound in certain is pes of RNA, 

[Ewas Known for mans years before the detuled structure of DNA was determined that DNA 
carries genetic information. [Esas also kniosen thal DNA is replicated, or coped, during cell re- 
production. In. 1950. Erwin Chargaff (1905-2002) of Columbia University showed that the ra- 
ios of adenine to thymine. and guanosine To evtosine, 1n DNA are both L0: this observation hiss 
come ta be known as Сало s first parity rule; How this vule relates to the storage and trans- 
Mission of genetic information. however. remained a mystery. [p became clear to a number of 
scientists that a Апом ledge ef ihe three-dimensional structure of DNA would be essential to un- 
derstand how DNA functions as it does; The importance of this problem was sufficiently obyi- 
ous that several scientists worked feverishly to he the first to determine the three-dimensional 
structure of DNA. In 1953. James D. Watson (b. 19281 and Египет C, Crick (1916-2004). then 
at Cambridge о егы. proposed a structure for DNA. Their proposal was based on X-ray dil- 
Iraction patlerms of DNA fibers obtained by their colleagues at the Medical Research Council 
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end 


хиаг рр s LA au s base 
backbone G—p-—0-—H ) 
Nw 


Figure 25,4 General structure of DNA {base А.Т, Gor С: Table 25.2}. Only three residues are shown here; a typ 
ical strand of DNA contains thousands ar even millions of residues. 


laboratory in шашы, Rosalind Franklin (1920-1958) and Maurice Wilkins (19216. 2004. For 
their work on the structure of DNA. Watson. Wilkins. and Crick reserved the Nobel Prize in 
Medicine or Physiology in 1962. Rosalind Franklin did not share the prize posthurmiousty Pw- 
cause the terms of Nobel's bequest stipulated that the prize should so only to living scientists. 

The Watson- Crick structure of DNA ts shown in Fie, 25.5 on p. 1250. The structure has the 
following Important features: 


"а.а 


The structure ol DNA contains Aro right-handed пере polynucleotide chains that run 
In opposite directions, coiled around a common axis: the structure is therefore that ob a 
doble helix. The helix makes à complete turn л огу 10 nucleotide residues. (Other he- 
lical contormations of DNA also occur.) 


. [he sugars and phosphates, witch are riehin О groups and charges, are on the oul- 


side of the helix. where they ean interaet with solvent water or other hydrophihe com- 
pounds; the bases; which are hydrophobic, are buried in the interior of the double helix. 
пе av from ter. 


| The chains are held together by hydrogen bonds between bases. bach adenine (AL i one 


chain dvdregen bands toa унине UP) in the offer and each seeanosine (O HER one chain 
hverogen-homds tod еме мне (Cin the other, Thus. every purine in one chain is hydro- 
gen-honded to a pyrimidine in the other, Por this reason. A is sand to be complementary 
to T. and G Is complementary to C. The hydrogen-bonded A-T and G-C pairs are often 
relerred to as Waston-Cricek base pairs. Figure 25.6 (p. 25D) provides a closer look at 
these Watsen-Crick Бахо pairs. Notice that tbe A-T pair has about te same spatial di- 
mensions as the G-C patr. 
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2t ar | i "P J : 
= na" the sugar-phosphate 
A | / | backbone is on the 


outside of the 
double helix 


t 


84, ow 
10019 101" 


the base pairs are stacked | 
in parallel planes 

on the inside of the 

double helix 


(а) 


Figure 25.5 Space-filling models of a 12-residue segment of double-helical DNA. (Hydrogen atoms are not 
shown.) (a) A view of the molecule from a direction perpendicular to the helical axis. (b) A view of the molecule 
along the helical axis, as shown by the eye in (a). The asterisk indicates a common reference point in the two views. 
The major and minor grooves encircle the helix throughout its length. Proteins that interact with DNA in many 
cases bind along the major groove. 


4. The planes of successive complementary base pairs are stacked. one on top of the other, 
and are perpendicular to the axis of the helix. The distance between each successive 
base-pair plane is 3.4 A. Because the helix makes a complete turn every 10 residues, 
there is a distance of 10 X 3,4 = 34 A along the helix per complete turn. 

5. The double-helical structure of DNA results in two grooves that wrap around the double 
helix along its periphery. The larger groove 15 called the major groove, and the smaller 
is called the minor groove. These are shown in Fig. 25.5. These grooves, particularly the 
major groove, are sites at which other macromolecules such as proteins are found to in- 
teract with ОМА. 

6. There is no intrinsic restriction on the sequence of bases in a polynucleotide: however, 
because of the base pairing described in point 3, the sequence of one polynucleotide 
strand (the "Watson" strand) in the double helix is complementary to that in the other 
strand (the "Crick" strand). Thus. everywhere there is an A in one strand, there is a T in 
the other: evervwhere there is a G in one strand, there is a C in the other. 


Hydrogen-bonding complementarity in DNA accounts nicely for the Chargaff parity rule: 
if A always hydrogen bonds to T and G always hydrogen bonds to C, then the number of A 
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hydrogen bond hvdrogen bond 
cytosine н ү guanine thymine ri н adenine 
H N—H--0 N H HC 0---H—N N H 
N ——— ks Ў cae? де 
C—C C—UC | C—C — С | 
FR TU 6. K x yr *X 
H—C N---H—N и з H—C N—H --—N Len os 
eae \ / C ж. dE Ше, C 
N—C C=N N—C C=N 
/- > EE Wo *À / 
C О ---H—N C Q H 
N 
Cy of deoxyribose Cy of deoxyribose Сү of deoxyribose Cy of deoxyribose 


(а) k ib} 


hydrogen bonds 


C, of deoxyribose r 
i C, of deoxyribose 


(с) 


Figure 25.6 A closer look at the complementary base pairing in DNA. (a) A cytosine-guanine (C-G) base pair in- 
volves three hydrogen bonds. (b) A thyrnine-adenine (Т-А) base pair involves two hydrogen bonds. (с) Superpo- 
sition of the C-G (white) and T-A (blue) base pairs shows that the two occupy about the same space. (Regions of 
overlap are shown in gray.) 


residues must equal the number of T residues. and the numher of G residues must equal the 
number of C residues, This structure also suggests a reasonable mechanism for the duplication 
of DNA during cell division: the two strands come apart, and a new strand 1s grown аз a com- 
plement of each original strand. In other words, the proper sequence of each new DNA strand 
during cellular reproduction is ensured by hydrogen-bonding complementarity (Fig. 25.7. 
p. 1252). 

One of the most significant achievements in the history of biochemical analysis has been 
the development of methods for rapidly determining the sequential arrangement of individual 
bases In DNA. This type of analysis is called DNA sequencing. (We won't consider these 
methods in detail bere.) In 1990, the National Institutes of Health and the Department of En- 
ergy co-sponsored the Human Genome Project, the primary goal of which was to identify the 
20,000-25,000 human genes and to sequence all of the DNA in the human genome. Prelimi- 
nary sequences were published in 2001, and high-quality sequences of almost all of the 24 
human chromosomes were nearly complete in 2008. The magnitude of this project can be ap- 
preciated from the fact that the human genome contains about three billion base pairs! The 
genome sequences of thousands of other organisms are either complete or nearing completion. 
These "sequenced organisms" come from every corner of the biological world— viruses (such 
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( parent strand 


strand 


original daughter 
double-stranded double-stranded 
parent DNA DNA 
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for the formation of e for the formation of 
one new strand | TA —/ $ T= А the other new strand 
т-а Ero 
old new new old 
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Figure 25.7 Complementary base pairing in DNA is crucial to its faithful replication. (a) А typical DNA double 
helix. (6) In the replicating DNA a new strand grows on each of the original parent strands. (The synthesis of new 
DNA on a parent DNA template is catalyzed by several enzymes, which are not shown.) (c) Two new molecules of 
DNA, each containing one parent strand and one new strand. 


as influenza А), bacteria (such as anthrax). plants (such as rice), insects (such as fruit flies), 
and higher animals (such as cows). 

The DNA sequences of human genes provide the "codes" that living organisms use for the 
biosynthesis of messenger RNAs, whose sequences, In turn, serves as the codes for the biosyn- 
thesis of proteins. These sequence data are already beginning to unlock the genetic basis of 
diseases as well as the significant genetic variations that occur among individuals. It is not un- 
reasonable to imagine that, in the future, we will walk into our doctor's office or pharmacy 
with a small magnetic card containing the complete sequence of our individual genome, 
which will be used to assess our individual risk of disease and to prescribe just the right med- 
ication and to determine its proper dose. 
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PROBLEMS EM — ЧИР | | | 
| PROBLEMS | 25.21 Draw in detail the structure of a section of RNA four residues long that, from the 5'-end, has 


the following sequence of bases: А. U, C, G. Label the 3° and 5° ends. 
25.22 Would you expect Chargaft s first parity rule lo apply within an individual strand of DNA? 
Explain. 


С. DNA Modification and Chemical Carcinogenesis 


Wese shown that the double-helical structure of DNA and DNA replication involve very spe- 
chie Waston-Crick base-pairing complementacity. Other important processes, such as RNA 
biosynthesis and proin biosynthesis, also involve this type of complementarity. The molecu- 
lar basis of this complementarity. as Wwe ve seen, qs the specie hydrogen bonding bebyeen à 
pyrimidine and a purine base, Hé this hydrogen bonding 1s disrupted. the Waston-Crick baise- 
pairing complementarity сип also disrupted. and with it; some or all of the biological processes 
Ihat rely on this phenomenon, There is strong circumstantial ex dence that chemical damage io 
ОМА can imterlere with this hydrogen-bonding complementary and can im some causes geer 
the stale of uncontrolled cell dis sion known as cancer, 

One ts pe of chemical damage to DNA 1х caused by ofAvilating agens (See. 10.3). Certain 
[s pes of alkylating agents react with DNA by alkylating one or more of the nucleotide bases. 
These same alkylating agents are also eareimesvens (cancer-causing compounds A Jew such 
compounds are the follow mg: 


Y Q 
| 


fa E Ht 6 —8—0—t11; 


O ( 
methyl methanesulfonate dimethyl] sulfate 
и weak CIT Hmogann d [a weak ШАША 


O=N ? 
| 


living cell 


HOt F H.C—N—€C€— NTT. = Se  H,C—NEEN: t CO. + NH. + HO 138.60) 


{ 

p -N 
LO 
ме w Я 


C residue of DNA 


N-methyl-N-nitrosourea niethyldiazonium ion 
1a potent van ogen: he actual alkvblating agent ! 


When such alkvdating agents tabbrex tated Н.С — X in the following equations! react with 
DNA. alkylated guanosines are among the products, The major produet is alks lated on N-7 of 
the guanine base; but an important miner product is alkslated on the oxygen al €-6 (called the 
O-6 position. 


OQ CH, Q—CH 


p M A JN 
+ НС л ж = LS + ME PIIA (286b 
MES CN pr eter 
| 


HLN М | 
deoxvribose deoxvribosc deoxyriibose 
№ 7 alkylation product O-6 alkylation produit 
I maier i i minor! 


(Ап analogous alkylation occurs at 0-4 of thy mine; see Problem 25.23. p. ТАЗ Notice that 
the alkvlation at O-6 presents the N-I nitrogen from acting as а hydrogen-bond donor in a 
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Watson-Crick buse pair (Fig. 23.6) because the hydrogen 1х lost From this nitrogen as à result 
or alksy ation. (B: = а hase.) 


O НЮ Еи 
| | T Tu 
В: е S — 2  В—Н Х (25.62) 
“7 “7 
| oe кл 


The N-7 alkylation. in contrast, docs not directly atheet апу of the atoms involved in the 
hydrogen-bonding complementarity. 1 has been found that the alkylating agents that are the 
most potent carcinogens also yield the greatest amount of the guanines alkylated at O-6 and 
thymines alkylated at O-4. Although this correlation does not prove that these alkylations are 
primary events in carcinogenesis, i£ provides strong cireumstuntial evidence in this direction. 

The way in which aromatic hydrocarbons are converted into carcinogenic epoxides by en- 
Aymes in living systems was diseussed in the sidebar on pp. 778-779. These epoxides have 
been shown to react with DNA: among the products of this reaction is a guanosine residue 
alkylated on the nitrogen at carbon-2 of the guanine base. 


i} 
М r 
E d | МН 
O residue N PN 
z of —— à | cen 
DNA deoxy- HO., 
rihose 
OH Ho 


dial epoxide of 
benzola | pyrene 
(Еч. 16.49, p. 779) 


OL] 


This nitrogen is also involved in the hydrogen-bonding interaction of G with C (Fiz. 25.6). 
Thus, tt may be that alkylation by aromatic hydrocarbon epoxides also triggers the onset of 
cancer by interfering with the base-pairing complementarity. 

DNA damage сап also be caused by ultraviolet radiation. гахе light promotes a ew- 
cloaddition of two pyrimidines when they occur in adjacent positions on à strand of DNA. 
(This type of cycloaddition is discussed in Sec. 27.3.) [n the following example, a thymine 
dimer as formed from two adjacent thymines, 


11 
E . 
OS CH, 
| à UY 
deoxvribose үг. radiation _ 
i3 | (25.64) 
N 
o= | | 
N deoxyribose deoxvribose 
thymine dimer 
deoxyribose Y : 


two thymines ii DNA at 
adjacent positions on same strand 
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Most people hive a biological repair system that effects the removal of the modified pyrim- 
idines and repairs the DNA. People with a rare skin disease. xeroderma piimentosianm, have à 
genetic deficiency tn the enzyme that initiates this repair. Most of these people contract skin 
cancer and die at an early age. Here. then. is a situation in which the chemical modification of 
DNA has been clearly associated with the onset of cancer. 


| PROB | Г ; TET 
OBLEM 25.23 There is evidence that alkylation at O-4 of thymine, like alkylation at O-6 of guanine, is an- 


other mutagenic event that can lead to cancer. 
(a) Draw the structure of a thymine residue as и would exist after O-4 methylation. 
(b) Explain why O-4 alkylation at thymine would disrupt Watson—Crick base pairing. 


OTHER BIOLOGICALLY IMPORTANT 
HETEROCYCLIC COMPOUNDS 


Nitrogen heterocyeles occur widely in nature; Sec, 23.12 B introduced the afketotds (Fig. 234. 
р. 1156). many of whieh contain heteracyelie ring systems, The naturally occurring amino 
acids proline, histidine, and tryptophan. which are covered in Chapter 26, contain. respectively. 
a pyrrolidine. imidazole. and an indole ring (Fig. 25.8, р. 1256). A number of vitamins are het- 
erocselie compounds; without these compounds, many important metabolic processes could 
not take place. For example. we have already discussed the importance of the pyridinium 
eroup in the vitamins МАР (Sec. 10.7) and pyridoxal phosphate (Sec. 254E} Some other 
heterocy cle-contaiming vitamins are shown in Fig. 25.8. 

Heterocyelie compounds are involved in some of the colors of nature that have intrigued 
humankind from the earliest times. Why is blood red? Why is grass green? The color of blood 
ts due to an iron complex of heme. a heterocycle composed of pyrrole units; This type of het- 
eroevele is valled a porphyrin (reed in the structure below, 


protein (globin) 


i oordim aa 
т S " а 
Ме ый | к Ме \ 
| PTR N— 
M | E 2 
РА \ | AT -— plane of the 
Нох | Ns. heme molecule 


N-— 
А 


Na imidazole from 
CAH \ È. a globin histidine 
N 
H 


heme 
(vun in Ihe protein complex hemoglobin: 


a мышта view af oxygenated heme in homohblobin 


1256 CHAPTER 25 * THE CHEMISTRY OF THE AROMATIC HETERGCYCLES 
CHa. past 
CO; CH, CO; C 
und Zi ЭР ш Y N j x 
N^ “H == C - 
FX А H NH, 
н № HN -N H NH \ 
oe T H 
(5)-proline (S)-histidine (S)-tryptophan 
pteridine ring pyrimidine à thiazolium 
Р ring. ion 
H-N NA N CH.CH;CO;H E 
- uL ru x x. 
HN. A 2, | OY Mi lacu 
Y N CH;NH Qi dia — n9 “мн, c^ "CH;CH;OH 
О ` | s 
"-— thiamin 
folic acid (vitamin В, } 
Ме FILM 
H 
HO HO H 
ү Sf 
UE | c 
isoalloxazine ring H.C С E CH-OH 
м. Н ОН 
A. | 
НЗС. „гч NTN ое 
Lud d Jd 
ad e a БРЫ. ЛУИ 
O 
riboflavin chlorophyll a 


Figure 25.8 A few of the many naturally occurring heterocyclic compounds. The 5 enantiomers of proline, histi- 
dine, and tryptophan are a-amino acids. Folic acid, thiamin, and riboflavin are vitamins. The chlorophylls are the 
pigments responsible for the green color of plants. The CoH group is an isoprenoid side chain; see Sec. 17.64.) 
МАЮ“ (Fig. 10.1, p.462) and pyridoxal phosphate (Fig. 25.3, p. 1241) are examples of important naturally occurring 
pyridine derivatives, 


Heme 15 the FetIl) complex of an aromatic heterocycle that is found in red blood cells tightly 
bound to a protein called globin; the complex is called hemoglobin. The iron. held in position 
by coordination with the nitrogens of heme and an imidazole of globin, complexes reversibly 
with oxygen. Thus, hemoglobin is the oxygen carrier of blood, and the red color of blood ts 
due to oxygenated hemoglobin. Carbon monoxide and cyanide, two well-known respiratory 
poisons, also complex with the iron in hemoglobin, as well as with iron in the heme groups of 
other respiratory proteins. 

The green color of plants is caused by céforophyil, a class of compounds closely related to 
the porphyrins (Fig. 25.8). The absorption of sunlight by chlorophylls is the first step in the 
conversion of sunlight into usable energy by plants, Thus, the chlorophylls are nature's “solar 


energy collectors.” 


REACTION 
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KEY IDEAS IN CHAPTER 25 


Heterocyclic organic compounds contain rings con- 
sisting of both carbon atoms and atoms of other ele- 
ments. 


In aromatic heterocycles, a vinylic nitrogen con- 
tributes one electron to the aromatic z-electron sys- 
tern, and its unshared electron pair is in the plane of 
the ring. A nitrogen of this type (for example, in pyri- 
dine) is basic with рК =5. An allylic nitrogen con- 
tributes its unshared electron pair to the aromatic m- 
electron system. А nitrogen of this type (for example, 
in pyrrole), is not basic, because protonation would 
disrupt the 4n + 2 aromatic zr-electron system. Furan 
has two unshared electron pairs, one of each type. 


Pyrrole, furan, and thiophene are all more reactive 
than benzene in electrophilic aromatic substitution 
and undergo substitution predominantly at the 2-po- 
sition. The reactivity order is pyrrole > furan > thio- 
phene. 


Because furan has a relatively small empirical reso- 
nance energy, it undergoes some conjugate-addition 
reactions, such as the Diels-Alder reaction. 


Pyridine reacts very slowly in electrophilic aromatic 
substitution. Pyridine and its derivatives undergo 
electrophilic substitution at the 3-position. Elec- 
trophilic substitution reactions of pyridine-N-oxides, 
however, occur at the 4-position. 


Many side-chain reactions of heterocyclic com- 
pounds proceed normally without disrupting the het- 
erocyclic rings. 


Pyridine derivatives undergo nucleophilic aromatic 
substitution reactions at the 2- and 4-positions. Thus, 
pyridines react in the Chichibabin and related reac- 


REVIEW 
Guide and Solutions Manual. 


tions; 2- and 4-chloropyridines undergo nucleophilic 
aromatic substitution reactions. Pyridinium salts are 
even more reactive than pyridines in these reactions. 
The chemistry of the pyridine C—N linkage has some 
similarity to the chemistry of the carbonyl group. 


The “benzylic” hydrogens of 2-alkyl- and 4-alkyl- 
pyridines and especially pyridinium salts are acidic 
enough to be removed by bases. In biology, the reac- 
tions of NAD* and pyridoxal phosphate are due to the 
electron-accepting ability of the pyridinium ions in 
these molecules. 


Ribonucleotides and deoxyribonucleotides, which are 
phosphorylated derivatives of ribonucleosides and 
deoxyribonucleosides, are the building blocks of RNA 
and DNA, respectively. These compounds are phos- 
phorylated derivatives of either ribose or 2 -deoxyri- 
bose, respectively, and a purine or pyrimidine base, in 
which the base is connected to C-1 of the ribose with 
B stereochemistry, Adenine, guanine, and cytosine are 
bases in both DNA and RNA, whereas thymine is 
unique to DNA, and uracil is unique to RNA. 


An important conformation of ОМА is the double 
helix, in which two right-handed helical strands of 
DNA running in opposite directions wrap around a 
common axis. The sugars and phosphate groups lie 
on the outside of the helix, and the bases are stacked 
in parallel planes on the inside. The two strands of the 
double helix are held together by Watson-Crick base 
pairs—that is, by hydrogen bonds between a purine 
base (А or G) and its complementary pyrimidine (T or 
С). A number of known carcinogens apparently mod- 
ify DNA in such a way that this complementary hydro- 
gen bonding is disrupted. 


For a summary of reactions discussed in this chapter, see Section К. Chapter 25, in ihe Study 
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ADDITIONAL PROBLEMS 


25.24 Give the principal organic product(s) expected when 2- 25.29 Rank the compounds within each of the following sets 
methylthiophene or other compound indicated reacts in order of increasing basicity. and explain your rea- 
with each of the following reagents. soning. 

(a) acetic anhydride, BF,, acid (a) pyridine. 4-methoxypyndine, 5-methoxyindole. 
(b) HNO, 3-methoxypyridine 
ic) N-bromosuccinimide, CCl, light (b) pyridine, 3-nitropyridine, 3-chloropyridine 
(d) dilute aqueous HCI lo iQ Tela 
(e) dilute aqueous NaOH 
(Ё) product of part (c) + Mg/ether, then CO,, then = 
H,0* " 
(g) product of part (a) + Ph—CH-—0O and NaOH " 
25.25 Give the principal organic product(s) expected when 2- re e | - rane 


methylpyridine or other compound indicated reacts 
with each of the following reagents. 

(a) dilute aqueous HC] 

(b) dilute aqueous NaOH 

(c) CH,CH,CH,CH,—L1 


23.30) The following compound is a very strong base; its con- 
jugate acid has a pK, of about 13.5. Give the structure 
of its conjugate acid and show that it is stabilized by 


(d) HNO, H,SO,, heat; then “OH resonance. { 
te) 30% H,O, сн, 
Ф CHI | М 


(в) product of part (с) + PhCH——O, then H,O TE 
ihi product of part (е) + H,, catalyst N 
25.26 Rank the following compounds in order of increasing 


reactivity toward nitration with HNO,, and explain 
your choices: thiophene, benzene, 3-methylthiophene, 


25.31 Draw the structure of the major form of each of the 
following compounds present in an aqueous solution 

containing initially one molar equivalent of 1 M HCI. 

and 2-methylfuran. 

Explain your reasoning. 

(a) quinine (Fig. 23.4, p. 1156) 


23.27 Rank each of the following compounds in order of in- Au А ; 
(b) nicotine (Eq. 25.26, p. 1232 or Fig. 23.4. p. 1 156) 


creasing &,.1 solvolysis reactivity in ethanol, and ex- 
E dy y Y 


plain your choices. ic) CH;CH;NH, 
i 7 | \ 
C 2-9 —CH; ( een N 
М 
A В tryptamine 


(di 3,4-diaminopyridine 


T T (e) H 
E een, снн, ds i 
" 


О 5 
ГА 
C 1) 
1,4-Чїатаїпдепе 
25.28 Think of the compounds in the following sets аз enols. TE, N 
Then draw the carhonyl isomers of the following com- | "N 
pounds. Which compound within each set contains the N 
greatest percentage of carbonyl isomer? Explain. bu 
H3 


(ai 2-hydroxyfuran or 2-hydroxypyrrole 
(b) phenol or 4-hydroxypyridine 1-methyl-1,2,3-benzotriazole 
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25.32 Complete the following reactions by giving the major (b) 2-chloropyridine + NaNH, ——= 2-amino-6- 
organic product(s). chloropyndine 
(a) oun She is shocked to find that neither of these reactions 
Мао {catalyst} - 
| + ПО {erm OO, works as planned and has come to you for an explana- 
N^ CH, tion. Explain what reaction, if any, occurs instead in 
each case. 
(b) \ 
| N ih 25.34 ‘The following compound is isolated as a by-product in 
H the Chichibahin reaction of pyridine and sodium amide. 
(с) Give a curved-arrow mechanism for its formation. 
sd 
dark 
+ Br: ca, “= lio" 
^a 
N 
\ ^ D 
CH, N NH N 
Note: The starting material has no double bond be- 25.35 When pyrrole is treated with 5,5 M HCI at 0 °С for 


tween positions 2 and 3: that is, ttis not an indole. | 30 s, a crystalline product B is obtained (see Fig. 


«b g P25.35). A likely intermediate in this reaction 15 com- 
E 008 E б 
ҮТ —p" ICHAN) pound А. 


(ау Draw a curved-arrow mechanism for the formation 


of A. 
i — Ue (h) Draw a curved-arrow mechanism for the formation 
T 1 - zx 
) om A, pyrrole, and НСІ. 
NH—C— ОЕ of B from A, py 
25.36 Indole (Table 25.1, p. 1223) in many cases undergoes 
^s <] Dey UH (nitralion occurs electrophilic aromatic substitution at carbon-3. Using 
1 1 1 a - 
| S at a 5-position — this observation, give the structure of the azo dye 
o but in which ring? [ormed in the following reaction. 
in) 1} fuming HNO, НАС} NaNO, H55¢ 
= i NOn H;50. imdole 
| X 2) neutralize with NaOH H,N NO, eS ———„ 
eM 
N CH; 
O- 25.37 Outline a synthesis for each of the following com- 
pounds from the indicated starting material and any 
(h) n other reagents: 


C—CH; VA uen Se | " 
| ЫЛ NH2NH;. "OH | from pyridine 
————— 
“ heat 2 


N CH.NH; 


(b) SCH, 


25.33 Doreen Dimwhistle has proposed the following varia- 
tions on the Chichibabin reaction: s n 
"a irom pyridine 
(a) indole + NaNH, = 2-aminoindole M 


( Problem continues) 


HCI 
N N N N N N 
H u H H нин H yg 
A H 


Figure P25.35 
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ic) 
H 
4 | ram furtural 
/ M uL. / B tu uran-Z-carbaldehyde: 
O Y as the anis чл 
H ol furan rines 
(d) 


E doc o 


CH АЛЛ. from furfural 


О (turan 2-carbaldehs deti 
(e) 
{л 
© МН C—NH 
“ b db | 
| | from 
| N^ 2 3-methvIpsridine 
GC) CHEC' CHECIECN). 
E^ WS 
| from 4-ethyvlpvridine 
Ev 
м 17 
CT, 


“ке НЛ Н.С ОН 
» 
E" 


| from 2-methisdpyridine 


25.38 Many turan derivatives are unstable in strong avid. Hy- 
droly sis of 2, 5-dimetis угап in aqueous acid gives a 
compound A. C,H О . that has à proton NAIR spev- 
trum consisting entirely of yo singlets at 4 2.0 and 
б 2.6 in the rario 3:2, respectively On treatment of 
compound A with very dilute NaOD in DO. both NAIR 
signals disappear, Treatment of A with zinc amaleam 
and HCI gnes hexane. Propose a structure for A, and 


then gie a curved-ares mechanism for its formation. 


25.39 Compound A, C.H NO. smells as f it might have 
been isolated from an extraet of dirty socks. This com- 
pound ean he resolved into enantiomers and it dis- 
solves in Soe aqueous HCL Osulation of A with con- 
centrated HNO, and heat ees meotinie avid 

(3-ps ridinecarhoss he acid: see Ey. 25.260) When ot гү- 
acts With CrO in pyridine, compound ACH, NO is 
obtaimed. Compound A, when treated ss ith dilute 
NaOD in D-O. inverporates tive deuterium atoms per 


molecule. Тепић А. and explain sour reasoning. 
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LAU Aromatic sulfonation can be reversed bij heating дй 


ary huton acid 1n steam: 


f | I 
МАН E no S» A OTHE + Ио, 
X Y En 


Far Dros a curved arva mechanism tor this teanstor- 
mitt ion. 

(b) Identity A. B. and C in the scheme shown in Fig, 
P?3 Ju. 

te храна why compound C cannot he synthesized in 


one step Trom thiophene. 


25.41. Pros de cunved-armos meehanisnis for each ot the re- 
auctions gn en m Eig; P2544. Give the structure for thc 


intermediates A and A in parts (di and (£i. 


25.42. DecarboxvEation of the amino acid histidine in haere 
hecillis species involves an enzvime-attaehed силу 
Ged Lol px rus ie acid, as shown anm Fig; PIAS, 
tE enzs mes Assuming that bases (Bi) amd ucts 
TT [rare available as needed. suggest à curved-arros 
mechanism for this transformation. nE An mine 


Intermediate is АА А3 


25.43. Pyridoxal phosphate and an enzyme, tevprepligrn wi- 
шешле, valals ze the last step in Рх nthesis of the 

amine ас гурлер (see Fig, P25 43 on p. 0262 

GU The first part ot Пах reaction im ebves the reaction 
ol pa ridoxal phosphate siti serine to form species 
A. an imme of the unstable amino acn delrenser- 


ште, (Phe red carbon is fer pan Б, 


IC —€CCO7 
X 
Um 
S 
S= POW T. (17 
= | inh 
Ue 
n Cll, 
[| 
B 


Међу гечти Imite 
al pyritoxal phosphate 
Assume (hat Rases (B) amd sucks (BH are avail 
able as needed, ene a curved-arrew mechanism tor 
the formation ot t. 

Co Show with appropriate resonange structures til 
the carbon sow n an red in the striecture A has cur- 
bocation character. 

ie) Recognizing that indole derivatives readils undergo 
electrophilie aromatic substitution at varbon-3. 
vomplete a eurved-urow mechanism for ihe 
Риу nthests atiryplophan. Assume that hases (B: 


afl gendis (BH are avaiable as need. 
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CISCAH conc, FINO. - Н T 
if ` SONA ae в — > С (CHNSOJ 
Figure P25.40 
(a) CH;NEt; 
CIS + H,C=O + Et,NH = | ^ 
N N 
H H 
(bi D 
/ 
lh e. + D.50, (dilute) —— N 
N N 
H D 
(г) HC CH, 
b dilute НУ CH, 
N 
(а) O \ 
N | 
-— | 
wA + CHI —- A -u Ph—C—CH,—N—C—Ph 
О 
CH, 
od ie “OH is 
| + HC SOCI — | 
T “| Р А 
М CH, N^ “CHCI 
Өм 
n D а 0 
Mra s. CY. 
/ \ + ¢1,c—c—ci = B an » C—OEi + HCCI, 
N v | 
| + HCI | 
H H 
в) m ES 
+ PhSH + ЕМ — + Et NHY СГ 
Pa E^ 
CI N РҺ5 М 


Figure P25.41 


i} LJ 
| | 
НС NH —E 
enzyme-attacncecd 

acid 


imide ot pyruvic 


H,O* + 


gi e Н, enc —07 


Và. 


Lüctolmcillus 


histidine 


Figure P25.42 


histidine decarboxylase 


zo AN г | 
| 2 — CH;CH; + CO; + H:O 


ы 
*NH; 


histamine (conjugate acid] 
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2544 The racemization of amino acids is an important 


reaction in à number of bacteria. 


NH; pyridoxal phosphate racemase NH; 

| [ап enzyme) | 

vienen. а === 
Н 


СО; 


ON 
g^ AH 
СО; 


R. 


This is a pyridoxal-phosphate catalyzed reaction. Qui- 
line a curved-arrow mechanism for this reaction show- 
ing clearly the role of pyridoxal phosphate. Assume 

that bases (В:) and acids (BH) are available as needed. 


Explain each of the following facts. 

(a) In the following compound, the hydrogens of the 
methyl group shown in red. as well as the imide 
proton are readily exchanged for deuterium by di- 
lute NaOD in D-O, but those of the other methy! 


group are not. 


| 
НС d zi i 
= NH 
Hi" м OWN 
OQ 
OH OH 


CH—CH —CH;OPO; 


indole glycerol phosphate serine 


*NH; 
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(b) In the following зоп, the hydrogens of the methyl 
group shown in red are most acidic. even though 
the other methyl group ts directly attached to the 
positively charged nitrogen. 


CH, 


(с) The reaction given in Fig. P25.45 takes place in 
aqueous base. 

(d) The compound 2-pyridone does not hydrolyze in 
aqueous NaOH using conditions that bring about 
the rapid hydrolysis of 6-butyrolactam. 


ы 


GO М O 
H H 


2-pyridone ó-butvrolactam 


(е) Treatment of 4-chloropyridine with ammonia gives 
4-aminopyridine, but treatment of 3-chlorapyridine 
under the same conditions gives no reaction. 


pyridoxal phosphate 
tryptophan synthetase 


+ НОСН,СНСО; 


[ап cr- amino acidi 


CH;CHCO. Q m 
| «NH. + HC—CH—CH,OPO} + H,O 
> glvceraldehyde-3-phosphate 
tryptophan 
Figure P25.43 
CH; 
e NH— CH: 
фа V + -OH et Т e x 
T NH —CH; 
CH; 


Figure P25.45 


25.46 You work for a pharmaceutical company whose man- 


agement has decided to produce synthetic vitamin B,. 
The company is iu possession of some fragmentary 
notes from Strong E. Nuff, one of their early chemists, 
that outline the synthesis shown in Fig. P25.46 of pyri- 
doxine (a form of vitamin B,). Unfortunately, reagents 
for each of the numbered steps have been omitted. 
They have hired you as a consultant; suggest the 
reagents that would accomplish each step. 


25.47 Although the synthesis of heterocyclic rings was not 


discussed in the text, many such syntheses employ re- 
actions that are similar or identical to reactions in 
other parts of the text. Give curved-arrow mechanisms 
for the reactions involved in each of the heterocyclic 
syntheses in Fig. P25.47 on p. 1264. Begin, as always, 
by analyzing the relationship between the atoms im the 
reactants and products. 


25.48 One theory of genetic mulation postulates that some 


mutations arise as the result of mispairing of bases in 
DNA caused by the existence of relatively rare iso- 
meric forms of the bases. Show the hydrogen-bonding 
complementarity that can result from (a) the pairing of 
an imine isomer of C with A; (b) the pairing of an ena! 
isomer of T with G. 


25.49 The stability of a DNA double helix can be measured 


by its melting temperature, T,,, defined as the tempera- 
ture at which the helix is 50% dissociated into individ- 
ual chains. 


CH;OEt 


| MT 
Hi^ ЖЩ 
H 

HN 

HC 


Figure P25.46 


25.50 


ADDITIONAL PROBLEMS 1263 


(a) Explain why the double helix formed between 
polydeoxyadenylic acid (poly A) and poly- 
deoxythymidylic acid (poly T? has a considerably 
lower 7, (68 °C) than that of the double helix 
formed between polydeoxyguanylic acid (polyG) 
and polydeoxycytidylic acid (polyC) (91°C). (Hint: 
See Fig. 25.6 on p. 1251.) 

(h) Which of the following viruses has the higher ratio 
of (G + C)/(0A + Thin its DNA? Explain. 


Viral DNA source Lad 
Human adenovirus | 58.5 
Fowl pox 35 


When RNA is treated with penodic acid, and the prod- 

uct of that reaction treated with base, only the nu- 

cleotide residue at the 3 -end is removed. 

(a) Explain this transtormation by showing its chem- 
istry. 

(h) Would the same reactions occur with DNA? Ex- 
plain. 


When DNA is treated with 0.5 M NaOH at 25 °С, no 
reaction takes place, but when RNA 1s subjected to the 
same conditions, it is rapidly cleaved into mononu- 
cleotide 2- and 3-phosphates. Explain. (Hint: What is 
Ше only structural difference between RNA and DNA? 
How can this difference promote the observed behav- 
ior? See Sec. 11.7.) 


CH,OEt 


pyridoxine 
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(a) <= 
Br: кН Н.0+ ` 
aa, — сон 

O^ ^O o 

(b) Hinsberg thiophene synthesis: 
1) NaOMe, Мен Ph Ph 
ү i 2) Hit}, heat 
W ee о С CO x А 
MeQ.C CO.Me 

(c) Friedlander quinoline synthesis: 

Ch 

LE О 

| Br | H :SO, (catalyst) 
————— — 
+ HiC—C—CiHs CH4CO;H 
NH, 


(d) Combes quinoline synthesis: 


С) о 
| | Ht 
NH, + HaG—C—CIL—U—CH, ——— 


(e) Hantzsch dihydropyridine synthesis: 


н н 
" | EtO,C CO.Et 
2HG—6—6CH;—C—OEt +N, Haro OE TU x^ + 3H,0 

i 


(Г) Reissert indole synthesis. Identify compounds A and B, and give the mechanisms for the formation of 
compounds A and €. 


Т eus | 1 1! KOEUether 3 Ho, PI 
NO, i + БОН 


diethyl oxalate 


o-nitrotoluene i 
B (not isolated) =” C Soon 
+ H;O N 
H 


С 
ethyl 2-indolecarboxylate 


(e) Larsen-Chen indole synthesis, Show the different catalytic intermediates. (Assume that appropriale 
li y are available for the catalyst: abbreviate these as “L™.) 


PAO catalyst catalyst N 
d Che = “Сү “БМ ehs [salvent! N + Sf | + Н.О 
| N 2 І 
Н Н 


Figure P25.47 


and Proteins 


Amino acids, as the name implies, are compounds trhat contain both an amtno group and a car- 
hoxvlHe acid group. 


1) С) 
| + | 
Н.м СИОН жш” С—С 07 
| 
CH, CH, 
alanine 
[an ee amino acid | 
M. (3 
c E | 
Hx x Р i — OEL мч” (— (07 
z 


p-aminobenzoic acid 
PABA, 3 component 
il hole acil, a vitamin! 


As these structures show, a neutral amine аха amino acid with an overal eharee of 
Zero—4aün contain within the same molecule two groups of opposite charge, Molecules cun- 
taining oppositely charged groups are known as zwitterions (from the German, meaning “hy- 
brid tien”). A ¢witterionic structure is possible because the basic amino group can accept a pro- 
ton and the acidic carboxy lie acil group can lose a proton, Each of the a-amino acids, of 
Which alanine is an example, has an amino group on the a-carbon—the carbon а асет to the 
curboas He avid group. 

Peptides are hiolozically important. polymers in which camino. aeris are. joined. nto 
chains through amide bonds. called peptide bonds. A peptide bond is derived Iron the amino 
group ob one айта acid and the carboxylic avid group of another. 
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O R- ( 
HN | | | | \ 
-eH! CH NH Qe general peptide structure 
“сн Pu Tq "gue 
| | | | 
R! O R^ 


ae =o Ln oo Т | 
~ peptide bonds | 

Proteins are very large peptides, and some proteins are aggregates of more than one pep- 
tide. The пате protein (from the Greek word meaning "ot first rank") is particularly apt be- 


cause peptides and proteins serve many important roles in hiology. For example. enzymes (bi- 
ological catalysts) and some hormones are peptides or proteins. 


p 


26.1 NOMENCLATURE OF AMINO ACIDS AND PEPTIDES 


A. Nomenclature of Amino Acids 


Some ainino acids are named substitutively us carboxylic acids with amino substituents. 


+ 
I; N— CIICH;CH,— СО я” HiN— CH;CH:;CH;— COF 


4-aminobutanoic acid 
(y-aminobrutyric acid) 


NH: 
i © 


" 
CO] (CH2:NH—CH:CH;—C—0- 


3-idimethylamino)propanoic acid 
2-aminobenzox acid 
(o-aminobenzoic acid or 
anthranilic acid! 


ven H they exist as zwitterions, amine acids are named as uncharged compounds, 

Twenty a-umino acids are known by widely accepted traditional names. These are the 
amino acids that occur commonly as constituents of proteins. The names and structures of 
these amino acids are given in Tahle 26.! on pp. 1268-1269. 

Two points about the structures of the a-amino acids will help you to remember them. 
First, with the exception of proline, ail e-amino acids have the same genera) structure, differ- 
ing only in the identity of the side chain R. 

О O o 
+ | | 


А | + 
FN — ECH — Ci HiN—ClII—C—O0O^ HyN—CH—C— O07 


R CH;Ph CH,OH 


general structure phenylalanine serine 
(В = CH>Ph) (R= CHOH) 


Proline is the only naturally occurring amino acid with a secondary amino group. In proline 
the —NH — and the side chain are "tied together" in a ring. 


Ая 
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кш 
= 
N 


H 
H. 


= 


proline 


Second, as Table 26.1 shows, the amino acids can be organized into si groups according 
to the nature of their side chains. 


ш amino acids with —H or aliphatic hydrocarbon side chains 

s amino acids with side chains containing aromatic groups 

s amino acids with aliphatie side chains containing -—-SH,—SCH,. or —OH groups 
а amino acids with side chains containing carboxylic acid or amide groups 

sm amino acids with basie side chains 

m proline 


The a-amino acids are often designated bv either three-letter or sinple-letter abbreviations, 
which are een in Table 26.1. 
Nomenclature of Peptides 


The terminology and nomenclature associated with peptides are Һем illustrated by an example. 
Consider the following peptide formed from the three amino acids alanine, valine, and lysine. 


valine residue 


amino end | € = carboxy end 
a i L) C) | 
E | | 
backbone а Нан, ЕН Ет (С — NH | H | os 
CH, CH CH, 
ИС” ^ CH 


+ 
CH;—CH;—CH.— NH, 


abbreviated Ala-Val-Lys or ÀA-V-K 


The peptide backbone is the repeating sequence of nilrogen, a-carbon, and carbonyl groups 
shown in Blue in the foregoing structure. The characteristic amino acid side chains are al- 
tached 10 the peptide backbone at the respective a-carbon atoms. Each amino acid unit in the 
peptide is called a residue. For example, the part of the peptide derived from valine. the va- 
fine residue, is outlined in red. The ends of a peptide are labeled as the amino end or amino 
terminus and the carboxy end or carboxy terminus, A peptide can be characterized by the 
number of residues it contains. For example, the preceding peptide is a tripeptide because it 
contains three amino acid residues. A peptide containing two, three, or ye amino acids would 
he called u dipeptide, tripeptide, or pentapeptide, respectively, A relatively short peptide of 
unspecified length containing a few amino acids is sometimes referred to as an oligopeptide 
(from a Greek root meaning “seant” or "few, 

A peptide Is conventionally named by giving successively the names of the amino acid 
residues. seating at the amino end. The names of all but the carboxy-terminal residue are formed 
by dropping the final ending (ire, fe. or an) and replacing it wilh vi. Thus, the foregoing peptide 
is named alanylvaly lysine. In practice. this type of nomenclature ix cumbersome for all but the 
«smallest peptides. A simpler way of naming peptides is to connect with hyphens the three-letter 
(or one-letter) abbreviations of the component amino acid residues beginning with the amino- 
terminal residue. Thus, the preceding peptide ts also written as Ala- Val-Lys or А-У-К. 


{Тех continues on p. 1270} 


Names, Structures, Abbreviations, and Properties of the Twenty Common Naturally Occurring Amino Acids 


О 
+ | 
General structure: H4N- т =i 
R 
Optical rotation of 
Name and L enantiomer in H,O Isoelectric Water solubility, 
abbreviations R* (sign of [a],) pA, PK, pK,, point, рі wt 96 at 25 "C 
Amino acids with simple aliphatic side chains 
glycine, Gly, G —H 2.34 9.60 — 5.97 20 
alanine, Ala, А —CH, (+) 2.35 9.69 — 6.02 14 
valine, Val, V —CH(CHj (+) 2.32 9.62 — 5.97 6.5 
leucine, Leu, L —CH,CHIiCH,), [28 2.36 9.60 — 5.98 2.2 
isoleucine, tle, | —CH—C;H; (+) 2.36 9.68 — 6.02 3.9 
| 
CH; 
[5 configuration] 
Amino acids with aromatic side chains 
phenylalanine, Phe, F —CH,Ph (=) 1.83 9.13 — 5.48 2.9 


tryptophan, Trp, W —CH; | р, {-} 2.38 9.39 — 5.88 1.1 
м 
Н 

tyrosine, Tyr, Y -mA )-e = 2.20 9.11 10.07 5.65 0.05 


N 
histidine, His, H" -с— d (-) 1.82 6.00 9,17 7.58 7.1 
ict 
H 


Amino acids with aliphatic side chains containing —— ОН, —5H, and —SCH, groups 


serine, Ser, S —CH; —OH =) 2.21 9.15 — 5.68 
threonine, Thr, T —CH— OH [—) 2.71 9.62 — 5.16 
CH, 
FA configuration] 

methionine, Met, М —CH;CH,—5CH, =) 2.28 9.21 — 5.75 
cysteine, Cys, СТ —CH,—SH 6 1.71 8.18 10.28 5.02 
Amino acids with side chains containing carboxylic acid or amide groups 
aspartic acid, Asp, D —CH,—CO;H {+} 1.88 3.65 9.60 2.76 
glutamic acid, Glu, E —CH,CH,—CO,H (ti 2.16 4.32 9.67 3.24 
asparagine, Asn, N —CH;,—CO — МН, (-1 2.02 8.80 — 5.41 
glutamine, Gin, Q —CH,CH,— CO — NH, {+} 2.17 9.13 — 5.65 
Amino acids with side chains containing strongly basic groups 
lysine, Lys, К —{CH,},-— MH, {+) 2.18 9.12 10.53 9.62 

NH 

= / 

arginine, Arg, В Іна (+) 2.17 9.04 12.48 10.76 

NH; 
Cyclic (secondary) amina acid 

1.29 10.60 — 6.10 


proline, Pro, P ( con (—) 
Н 


4.8 
17 


3.4 


very sal. 


0.50 
0.84 
3.0 
3,5 


very sol, 


63 


*Side chains are shown in their uncharged form. 
"Histidine is a weakly basic amino acid. 


*Cysteine often occurs in proteins as a disulfide dimer, called cystine; НМ — CH — CH; —S—S— CH; — CH — NH;. For this reason, cysteine is sometimes called half-cystine and abbreviated Су /2. 


| 
CO;H 
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Large peptides of biological importance are known by their common names. Thus, insulin 
is an important peptide hormone that contains 51 amino acid residues; ribonuclease, an en- 
zyme, is a protein containing 124 amino acid residues (and a rather small protein at that! ). 


PROBLEMS | » 
26.1 Draw the structures of the following peptides. 


(a) tryptophylglycylisoleucylaspartic acid | (b) Glu-Gin-Phe-Arg (or E-Q-F-R) 
26.2 Using three-letter abbreviations for the amino acid residues, name the following peptide. 
О о О 
+ | | | | | 
wr (i Аека аш О —NH— GH—G-——NH—CH-—C —U 


CH: CH— CH; "d СНОН 
f Y CaHs CH: 

N on 

H н 


OH 


STEREOCHEMISTRY OF THE o-AMINO ACIDS 


With the exception of glycine, all common naturally occurring a-amino acids have an asym- 
metric a-carbon atom and are chiral molecules. The chiral amino acids in Table 26.1 are found 
within naturally occurring proteins in only one enantiomeric form, which has the following 


configuration: 
COF COF 
+ | " | | mr h ^ 5 
РЫМ у Мр НМ : H a Fischer projection 
H 


stereochemical configuration of the 
naturailv occurring a-amino acids 


This configuration is 5 in all cases except for cysteine (see Problem 26.4). 

The stereochemistry of a-amino acids 15 often specified with an older system, the D,L-sys- 
tem. An L amino acid Ру definition has the amino group on the lett and the hydrogen on the 
right when the carboxylic acid group is up and the side chain 15 down in a Fischer projection 
of the a-carbon. Therefore. the naturally occurring amino acids have the L-configuration. 
Thus, (S )-serine can also be called L-serine; its enantiomer is D-serine. 


CO; COF 
+ | + 
H4N H H | NH, 
CHOH CHOH 
L-serine D-serine 
(S)-serine (R)-serine 


(Fischer projections] 


Remember, though, that the correspondence between 5 and L is not general (see Problem 26.4). 
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As with the carbohydrates (Sec. 24.3A), the D and L designations specify the configuration 
of a reference carbon. For a-amino acids, the reference carbon is the a-carbon. When there is 
more than one asymmetric carbon, as there is in threonine and isoleucine, diastereomers are 
given different names. For example, 1-threonine has the 28.38 configuration; its diastereomer 
with the 25.35 configuration ts L-allothreonine. (The prefix allo comes from the Greek root 
allos meaning "other"; L-allothrenone is “the other" threonine.) 


CO; CO; 
4 * | 
HN —H HN | H 
H OH HO H 
L-threonine L-allothreonine 


(Fischer projections) 


With the exception of the amino acids and sugars, for which the p.L-system still persists, this 
system has been largely abandoned. 


PRO BEEMS 26.3 (а) L-Isoleucine has two asymmetric carbons and has the (25,35) configuration. Draw a Fis- 
cher projection of L-isoleucine. 


(b) Alloisoleucine is the diastereomer of isoleucine. Draw Fischer projections of L-allo- 
isoleucine and p-alloisoleucine. 
26.4 ia) What is the a-carbon configuration of L-cysteine in the R.S system? 
(b) Explain why L-cysteine and L-serine have different configurations in the R.S system. 
26.5 Using the following template, draw line-and-wedge structures for (а) L-threonine and (b) D- 
allothreonine. 


ACID-BASE PROPERTIES OF AMINO ACIDS AND PEPTIDES 


A. Zwitterionic Structures of Amino Acids and Peptides 


As suggested in the introduction to this chapter, the neutral forms of the a-amino acids are 
switterions, Some of the evidence for zwitterionic structures is as follows: 


|. Amino acids are insoluble in apolar aprotic solvents such as ether. On the other hand, 
most unprotonated amines and un-ionized carboxylic acids dissolve in ether. 

2. Amino acids have very high melting points. For example. glycine melts at 262 °C (with 
decomposition), and tyrosine melts at 310 "C (also with decomposition). Hippuric acid, 
a much larger molecule than glycine. and glvcinamide, the amide of glycine, have much 
lower melting points. The former compound lacks the amino group. the latter lacks the 
carboxylic acid group, and neither can exist as a zwitterion. 
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(2 C) o 
| | 4 | | 
Ph — BM ee Hios — EH —t— NII, ЕСН, ыды 
N-benzoyighycine (hippuric acid) elycinamide glycine 
mp 194 7€ тб; n8 t. mp las € idi 


The high melting points and greater solubilities in water than in ether are characteristics ex- 
pected of salts; nor uncharged organic compounds. These salilike characteristies ure. how eser, 
whal werd be expected of a zwitterlonmie compound. The strong forees in the solid sates of 
the ammo acids that result trom the attractions between full positive and negative charges on 
diferent mofecufes are much like those between the ions in a salt. These attractions stabilize 
the solid state and resist conversion of the solid inte a IHaquid—whether a pure Пин met or à 
solution. Water is the best soient for most amino acids because it sobvates tene groups much 
as и solvates the tons of a salt (Sec. 84H). 


3. The dipole moments of the amino acids are very large much larger than those of sim- 
ilàr-sized molecules with andy one amine or garbos lic acid group. 


+ 
HAN—CIE—COT | YC CH. ECOL CH;CHGCH.CH.— NH. 


glycine propanoic acid butylamine 
wes |! к dn5 # lAl 


A large dipole moment is expected for molecules that contain a great deal of separated charge 
(See. 1.2D and Further Exploration 1.13. 


4. The pA, values for amino acids are what would he expected for the zwitteriome forms 
of the neutral molecules. 


Suppose a neutral amino acid is trated with acid. When one equivalent of acid is added, the 
Раме group of the amino acid will have been protonated, When this experiment is carried out 
with glycine. the pK, of the basie group is found to be 2.3. If glycine is indeed a zwitlerion. 
this basic group сий only be the carboxs late ion. [F gfyeine i nota 4wilterton, this basic group 
has 10 be the amine. 


basic group of the 
zwitterionic form 


о | T 
і 
" ТАЕ + BEEN 
PRO — Hix—CligeÀdB-—Qe xTM DN—UIL—C—OH -010 0 
basic group of the 
nonzwitterionic form 
Ц i i 
H4O* + H,N—CH,—C— OW ж” BNS СИ. ESO : HO 0261 


Which is the correct description of the traton? The p&, of 2.3 1s that expected of à car- 
boxvlic acid in a molecule containing a nearby. electron-withdrawing group cin this case. the 
H,N*— group) In contrast, the conjugate acids of amines have рА values in the 8 10 range. 
This analy sis suggests that the ¢wilterion. not the uncharged form. is being titrated. 

Along the same line, 1£ NaOH is added to neutral улпс. a group is ditrated with рА = 9.6. 
This is a reasonable pK, value For an alkylammonium ion, hut would be very unusual fora giar- 
hoxviie acid. This comparison also suggests that ie neutral form of giyeine и itlerion. 
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The acid-base equilibria Tor усве ean be summarized as follows: 


principal term in 
neral aqueous solution 


+ 
НЕ: си. CO 


P^, 
3 yt 


(40.9 principaliorm 1210.2} 
TL Арши let 


+ 
principal lori POLN — CH» COF ЯМС, 


Ini ерове hase N 
+ 
IES 


HHN — E — iiH 
miner neutral torm 
Laboul T part in. IY! 


Thus, the major neutral Form otf ans ce-amino acid is the zwitterion. In Fact, i can be estimated 
that the ratio of the uncharged form of an e-amimo acid to the zwitterion forni rs about | part 
in HO, as shown for glycine in Eq. 26.2. 

Peptides also exist as Zwitlerions: that ps. at pH values near 7. amino groups are protonated 
and carboxvlie acid groups are ionized. 


PROBLEM : : ; 
| PROBLEM | 26.6 Draw the structure of the major neutral form of each of the following peptides. 


(a) A-K-V-E-M thi G-D-G-L-F 


B. Isoelectric Points of Amino Acids and Peptides 


An important measure of The acidity or basicity of an amine acid is its isoelectric point or iso- 
electric pH. This is the pH of a dilute aqueous solution of the amino acid at which the total 
charge on all molecules of the amino acid is zero. At the isoelectric point iso conditions are 
met. First. the concentration of conjugate acid molecules А equals the concentration of vonju- 
eate hase molecules B. Because the conjugale acid A is рохн еі charged and the conjugue 
hase 3 1х negatisely charged. ihe equality of the (vo concentrations means that the totul charge 
en afl molecules of the amino acid is vero. Second, at the isoelectrie point, the relative concen- 
tration of the z erion form A is greater than at ans other pH. 
To illustrate. consider the 0niéatton equilibria of the amine acid alanine, 


4 TES + Ili 
ILN=CH= COE заа ELN CH=COr > ХСН COD Сез 
| Н | A | 7 
Р CH: LEL 
1 ы h 


The iseclectric point or alanine is 6.0. Thus; in a selution of alanine in which рН has been 
adjusted to 6.0. а minuscule amount of alanine is m form А. an exactly. equal minuscule 
amount is in form В, and most ot the alanine is in neutral Crwitterionic] Form А, The isoelec- 
ric реи of the 20 common amino acids are stud in Table 26.1. 
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The isoelectric pH has a simple relationship to the pK, values of an amino acid, Let A), be 
the dissociation constant of the carboxylic acid group of form А, and K a the dissociation con- 
stant of the ammonium group in form N (Eq. 26.3). 


N]IH,O* Bj|H,O* 
"E | E ed Е | "T 
Dividing hoth equations through by [НО], 
К [N | Kis [E| 
Е | we A ^6.5 
iot tap quo] 7 IM mE 
Letting pë, = —log K p and pK,. = —log K .. 
рА а — РН = оц i | [36.641 
and 
n 
pH — p&,. = о i | 26.561 


These two equations show that the relative concentrations of A. B. and N depend on the rela- 
tionship between the pH of the solution and the respective pK, values. This point is illustrated 
in Fig. 26.1. which is a plot of the relative amounts of each form versus pH, At low pH 
(pH «X рк). form A predominates. as shown by Eq. 26.ба. As the pH ts raised, the concen- 
tration of A falls and that of A grows. As the pH is raised further, the concentration of form А 
Falls and that of 5 grows. At high pH. form B predominates, as required by Eq. 26.66. As Fig. 
26.1 demonsirates, form А' has ity maximum concentration at a pH value higher than рК and 
lower than pA). [n fact, the pH at whieh form А has a maximum concentration—the isoelec- 
tric point. рі —is the average of the two pK, values: 

pA, + Pho 


7 


isoelectric point — рі = абок 
(See Problem 26.10.) Thus. alanine. with pK, values of 2.3 and 9.7 (Table 26.1). has an iso- 
electric point of (2.3 + 9,7372 — 6.0. 

The isoelectric point is significant because 1t indicates not only the pH value at which a so- 
lution of the amino acid contains the greatest amount of zwitterron form А but also the sign of 
the net charge on the amino acid at ey pH. For example. at à pH value lower (more acidic) 
than the isoelectrie point. more molecules of an amino acid are in form А than in form B: in 
this situation. the amino acid has a net positive charge. АЛ а pH value greater (more basic) than 
the isaelectric point, more molecules of an amino acid are in form & than in form А. [n this 
situation. the amino acid has a net negative charge. To summarize: 


" ERS + Hat) 
| = | — n ' ^LI. Qf = — y -; _ Ж, аи 
H,;N—CH—CO,H seo H,N-—CH—CO7. =~ Н.М СН — CO; 26.7) 
РЕ" ТЕЗИ i | 
CH; CH, CH; 
м h 

ominates at pH values much predominates at pH values much 
wer than the isoelectri point higher than the isoelectric рош! 


section 26.3C shows why a knowledge of the net charge can be usetul. 

When an amino acid has а side chain containing an acidic or basic group, the Isoelectric 
point is markedly changed. The amino acid Iwsine (Lys), for example, has à basie side-chain 
amino group as well as Its a-amino and carboxy groups. 
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fraction present 


pll 


Figure 26.1 Variation in the concentrations of the three forms of alanine shown in Eq. 26.3 as a function of pH. 
The blue line represents the concentration of the conjugate acid А, the red line the concentration of the conjugate 
base 5, and the black line the concentration of the neutral zwitterionic form N.The dissociation constant of A is K., 
and that of N is Ko (Eq. 26.4). The concentration of the neutral form № is a maximum at a pH that is halfway be: 
tween рК. and pK, „this pH is the isoelectric point, 


* Ha IES 
— = Е — E вис (26.83 
+ f 
*NH; +КН, NEI 
Я! № B 


The isoelectric point of Ivsine is 9.82. which is the average of its two Aghiesr pK, values of 
9.12 and 10.55. At the isoclectrie point ol lysine. equal amounts of forms А and B of lysine are 
present. and form А has их maximum concentration. The lowest pK of lysine the pK, of the 
carboxylic acid graup—dvesn't enter the picture because neither of the equilibria involving 
the neutral form A involves ionization of the earboxylie acid group. 

Let's compare the charge state of alanine and lysine at pH 6. Because pH 6 is the isoclec- 
tric point of alanine, its charge is zero. Because pH 6 is much lower than the isoeleetrie point 
of lysine, the net charge on lysing molecules is positive at this pH. Amino acids with high Iso- 
electric points are classified as beste amino acids. Lysine and arginine are the two most basic 
of the common naturally occurring amino acids «Табе 26.1}. As tndicated by is isoelectric 
point. arginine is the more basie of the two, [ts side chain carries the basie guanidino group, 
the conjugate acid of which has a pA of 12.5. The basicity of this group is a consequence of 
the fact that tts conjugate acid is resonance-stabilized. 


INEI NH KH *NH 
| | | | | 
"LIS т ae ч —À FN ы „ч —= a he, ae (76.04 
Н.№ “үн HN “SNH, HNZ ^NI Н.Х "KH. 


guanidino group ~ HQ 
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The amino acids aspartic acid (Aspi and glutamic acid (ilu)? have carboxylic acid groups an 
their side chains and hase low isoelectric points. The isoelectric point of aspartie ucid, lor ex- 
ample. is 2.76. the average of its [wo лге pK, values; Crou should show why this is reason- 
able.) mino acids with dow isoclectrie points are chassitted as acidic amino acids; Molecules 
of an acide amino acid carry a net negative charge at pH б. Aspartic acid and ghutzmice acid are 
the wo most acidie of the common naturalls occurring amino acids, 

Amino actus with isoelectric points near б. such as glycine or alanine. are elasstHed as ner- 
traf amino acids. A pH of 6 is nol evaciy neutral: "neutral ^ amino acids are actually shehtly 
acidic because the carbosslie acid group is somewhat more acidic than the amino group Is 
basic. However. as Fig. 26.1 shows, even at pH 7 (neutral pH). the neutral amino acids are al- 
most completely in form N. 

Lets summarize the charge «Ишао in basie. neutral, and asidig amino acids at pH ё: 


Principal loris at pH 6: 


net +] charge net 0 charge net charge 
¥ | + | + 
Lies Ch), Hex  CH— EOF Кыз n 
СН), CI, CH: 
+, COS 
lysine alanine aspartic acid 
La Pase amino andi tu entre ammo aed! Lan снід amino acid 


Peptides with both acidic and basic groups also hase isocleetriy points; We ean tell by im- 
speetion Whether à peptide is acidic. basic; or neutral by examining the number of acide and 
basie groups that ib contains. A peptide with more amino and guanidino groups than car- 
boxx Ite acid groups, for example. will have a high isoeleetric point. Conversely. a peptide with 
more curboxylic acid groups than amino or guanidino greups will have a low isoelectrie point. 


26.7 tu) Point out the ionizable groups of the amino acid tvrosine (Table 26.1}. 
(b) What is the net charge on tyrosine at pH 6? How do you know"? 
(c) Draw the structure of the major form(s) of tyrosine present at this pH. 


26.8  (u) Paim out the ionizable groups of the amino acid Aisridine (Table 26.1), 
(b) Draw all the acid-base equilibria for histidine. 
(c) What is the net charge on histidine at pH 67 How do you know? 
(d) Ot the forms vou drew in part (Б), which are the major one(s) present ul pH б? 


26.9 Classify the following peptides as acidic. basic, or neutral. What is the net charge on each 
peptide at pH = 6? 
(a) Gly-Leu- Yal 
ihi Eeu-Tip-Lys-Gly-Lys 
(€) N-acetyl-Asp- Val-5er-Arg-Are (N-acetyl means that the terminal amine group of the 

peptide is acetylated.) 

tl) Glu-Lys-Asp-Ala-Phe-Ele 

26.10 By delinition. the isoelectric point. of an amino acid is that pH at which Af = [8] in 
Eq. 26.3. Use this condition. along with Ey. 26.5, to derive Eq. 26.72. the formula for the 
isoelectric point af a neutral amino acid. 
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C. Separations of Amino Acids and Peptides 
Using Acid-Base Properties 


lhocleetric points are alten used to design separations of amino acids and peptides. Consider, 
for example, the water solubilities of amino acids and peptides. Most peptides and amino acids, 
like carboxylie acids and amines. are most soluble when they camy a net charge and are least 
saluhle in their neutral forms; Thus, some peptides, proteins, and amino acids precipitate trom 
water when the pH is adjusted to their isoelectrie points; These same compounds are more sol- 
uble at pH values far from their isoelectric points; because they curry a net charge at these pH 
values, 

А separation technique used a great deal in amino acid and peptide chemistry 18 for-exchange 
chromatography, This method, loo, depends on the isoclectrie points of amino acids and pep- 
tides. To understand this technique, let's start with the basics of chromatography. 

Chromatography is a separation technique based on the relative. adsorptions of cum- 
pounds to a material culled a sterfonary. phase. In. бри chromatography, the stationary 
phaüse—-usualls a finely powdered. insoluble solid—is lightly packed into a column, and the 
mixture of compounds to be separated is injected onto the top of the column. One or more sol- 
vents (the “liquid” in liquid chromatography? are pumped through the column, and the vom- 
pounds travel through the column in solution. However. their passage through the column ts 
impeded by their adsorption onto the stationary phase: adsorption retards their rate of travel 
through the column, Compounds that are adsorbed weakly travel through the column most 
rapidly and are eluted carly: compounds that are more strongly adsorbed travel through the 
column more slowly and emerge later, Thus. compounds are separated by their differential aed- 
serptionm lo the stationary phase. 

The various types of liquid chromatography differ in the types of stationary phases and sol- 
vents used, The type of chromatography to be employed depends ultimately on the mechanism 
used to effect differential adsorption to the stationary phase. In ion-exchange chromatography, 
the column is filled with a buffer solution, and the stationary phase tsa polymer called an en-ex- 
change resin. This resin bears charged groups. One popular resin, for example, is a sulfonated 
polystvrene—á polystyrene in which the рһелуі rings contain strongly acidic «иол acid 
groups. If the pH of the buffer is such that the sullonie acid groups are ionized, the resin bears à 
negative charge. This charge is the Key to ion-exchange separations, 


a ea sem 


] 
7 27 eL ы 
2 J | ое. UU) 


| | 
(37 m 


structure of sulfonated polystyrene with ionized sultonic acid groups 


The way ion-exchange chromatography works is illustrated in big; 26.2 on p. 1278. Sup- 
pose the buffer in the column has а pH of 6. Because the pA, of the sulfonic acid groups on the 
resin is about 1. these groups are tonized: therefore. at pH = 6, the resin is анонс. А solution 
conmaining a mixture of the two amino acids Val and Lys in the same butler ts added to the top 
of the column. Buffer is then allowed to Bow through the column: a trit ia porous glass ре) 
keeps the resin from washing ош. Because valine has zero charge at this pH. itis not attracted 
by the ionic groups on the column and is washed through the column with a retatively small 
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buffer, pH 6.0 2 " 
| buffer buffer 
mixture ol 
Lys (+) and 
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Figure 26.2 (a) The cation-exchange separation of valine (Val) and lysine {Lys}. (b} The amino acid concentration 
in the eluent (the buffer emerging from the column} as a function of tima. Lysine, which carries a positive charge 
at the pH of the buffer is attracted to the negatively charged resin and moves through the column more slowly 
than valine, which carries zero charge. (The colors are for emphasis: Val and Lys are colorless.] 


volume of buffer. Lysine, on the other hand. has an isoclectrie point of 9,8 and therefore bears 
a net positive charge at pH 6. Hence, lysine is strongly attracted to the negatively charged 
resin, Because of this attraction, lysine is retained on the column and emerges only after a con- 
siderably larger amount of buffer has passed through the column. The two amino acids are 
thus separated. Thus, whether an amino acid or peptide is adsorbed by the column depends on 
Its charge—which. in turn. depends on the relationship of is isoelectric point to the pH of the 
buffer. 

In the experiment shown in Fig. 26.2. the ion-exchange resin is negatively charged and ad- 
sorbs cations: it is therefore called a түнон-ехейиппе resin. Resins that hear positively charged 
pendant groups adsorb anions, and are called amiogn-exchange resins. 
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lon Exchange and Water Softeners 


lon exchange has very important commercial applications, such as water treatment. Commercial 
water softeners contain cation-exchange resins much like the one used in this example, which ad- 
sorb the more highly charged calcium and magnesium ions in hard water and replace them with 
sodium ions with which the column is supplied. When the supply of sodium ions is exhausted, the 
column has to be flushed extensively, or regenerated, with concentrated NaCl soiution to replace 
the adsorbed calcium and magnesium ions with sodium ions. 


Shilo 26.11 (a) How might the structure of the resin in Eq. 26.10 be altered to make the resin an anion 


exchanger (that is, an anion-binding resin}? (Hint; What type of organic functional group 
can carry a positive charge?) 

(b) Predict the order of elution of the following peptides from an anion-exchange resin at pH 
6: A-V-G, D-E-E-G, D-N-N-G. Explain your reasoning. 

26.12 A mixture of N-acetyl-Leu-Gly, Lys-Gly-Arg. and Lys-Gly-Leu is applied to a sulfonated 
polystyrene cation-exchange column at a buffer pH of 6.0. Predict the order in which these 
three peptides will elute from the column, and explain your reasoning. (See Problem 26.9c 
on p. 1276 for an explanation of the N-acetyl nomenclature.) 


SYNTHESIS AND ENANTIOMERIC RESOLUTION 
OF a-AMINO ACIDS 


A. Alkylation of Ammonia 


Some a-amino acids can he prepared by the alkylation of ammonia with a-bromo carboxylic 
acids. 


Br HNH, 


CHLCILECH—CH— CO. tN NH: ж CIBRCH-CH CH — CO. + BrT (26.11 
(large И 
(CH 1 CXCUSS I CH; 


isoleucine 
i LET yield} 


This is an S42 reachon in which ammonia acts as the nucleophile. (Recall from Sec. 22.3D 
that e-halo carbonyl compounds are very reactive in 5,2 reactions.) Alkylation of ammonia is 
usually not a good method for preparing primary amines because ammonia can be alkylated 
more than once to give complex mixtures (Sec. 23.7A). However. the use of a large excess of 
ammonia in this synthesis favors monoalkyfation. Furthermore, amino acids are less reactive 
toward alkylating agents than simple alkylamines because the amino groups of amino acids 
are less basic. and therefore less nucleophilic, than ammonia and simple alkylamines, and he- 
cause branching in amino acids provides a «істо impediment to further alkylation. 


B. Alkylation of Aminomalonate Derivatives 


One of the most widely used methods for preparing ecamino acids is a variation of the malonic 
ester synthesis (See. 22,7A 1. The malomic ester derivative used is one in which a protected 
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amino group is already in place: diethyl e-acetamidomalonate, This derivative is treated «ith 
sodium ethoxide m ethanol to form the enolate ion, which is then alkylated with an alkyl halide 
(benzvl chloride in the following example: 


о m Q COLE 
А А š Nal? E 1 _ | : Р —{ і. = 
ILC. —C€—NH—C—H SCC NTI Рану? (| 
COLEI COLE 


| l enolate ion 
diethyl acetamidomalonate 


Н -C— NII СЕВР - CI 
| 


(COE RIOIRAT, 


The resulting compound is then treated with hot aqueous HCI or HBr. This acid treatment at- 
complishes three things: First. the ester. groups are. tadrolyzed lo carboxylic acids 
(Sec. 21.7A Y. yielding a substituted matonte acid. Second, the malome acid derivative decar- 
boxs lates under the reaction conditions (Sec, 10,11), Think the acetamido group, an amide. ts 
also hydrolyzed (See. 21.7B). Neutralization gives the ce-umino acid. 


O СО, 
| | | FE EL + 
HC — CNH CK CH.Ph I" НАН © HOH 1 GO. + НСИ СИРА Bro 
А | 
COLEI CO.H 


phenylalanine hydrobromide 


(Oahu vic 


[26 EA 


C. Strecker Synthesis 


An important method for synthesizing curboxyHe acids is the hydrolysis. of nitriles 
(Sees. 21.7C and 21.11). Thus, e-amino nitriles can be hydrolyzed to give ceamine acids. 
Атто pries. im turn. are prepared by the treatment of aldehydes with ammonta in the 
presence of exanule Ion, 


NI E 
- hen 

s = T 4 = T - i } 
CH.CH—0O = NH, CIT = Nat CNT ——9 С-СЫ = Nucl - HO Ate ЭН» 

| 
acetaldchyde CN 

2-aminopropanenitrile 
dn ec-amnme тиге) 9 


NIJ,- На. mG 
"NH. 


alanine 
a Ba \ lel) (26.0131 


This preparation of e-amino acids is culled the Strecker synthesis. 
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The mechanism of a-amino nitrile formation probably involves an imine intermediate. 


"Nds 


| . | 
a» ци —©Н==Х ==” ССИ, + КИ, O6 14a 


Il C—(CHO - NI 


an imine 


The conjugate acid of the imine reacts with evanide under the conditions of the reaction lo 
eive the -amino nitrile. 


p 
uu = ьа 
Н. UII—NH- -CN —— Н. (11—11. (6. 1461 


чы ш” | 
UN 


The additien of суапле to an imine is analogous te the formation of a cvanohs drm from an 
aldehsaie or kelong (See. TFA). 


MEN + ПСИ) ж Н. СНОН (26.15) 

CN 
Recall that the trapping of an imine intermediate by a nucleophile also oceurs in reduce gr- 
ination (Sec, 23.7B). In reductive amination. the nucleophile is the hydride ion derived from 
Ҹа ~BH,CN or Nat “BHiOAcHh. In the Strecker synthesis. the nucleophile is cyanide ion. 


+ 
R—UCII—NHR 


conjugate acid of an imine 


RCH — NHR’ Re CH- МНЕ i |G 
H CN 
rediictive aminatien мтч КГ syrit сыз 


PROBLEM | | — Tt 
LITE 26.13. Indicate which of the methods in this section could be used to prepare each of the following 
amino acids. For each method that can be used, pive an equation. For each case in which a 


method would not work, give a reason. 
(a) a-phenylelycine — (b) leucine 


D. Enantiomeric Resolution of o-Amino Acids 


Amino acids synthesized by common laboratory methods, suchas Ше ones discussed in Sees, 
26.1A-C, are racemic. Because enantiomerieall pure amine acids are often. needed. the 
racemie mixtures must be resolved. As useful as the diastereameric salt method is (Sec. 6.8). 
it can be tedious and time-consuming. An alternative approach to the preparation of enan- 
tiomerically pure amine acids. and one that is used industrially. is the synthesis of amino acids 
hy nicrobiolugical fermentation. Some cultures of microorganisms can be used lo produce in- 
dustrial quantities ef certain amino acids in the natural: form. 
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Certain enzymes—biological catalysts —can be used to resolve racemic amino acids into 
enantiomers. For example, a preparation of the enzyme acylase trom hog kidney selectively 
catalyzes the hydrolysis of N-acetyl-4-amino acids and leaves the corresponding D isomers un- 
affected. Thus, treatment of the N-acetylated. rucemate with this enzyme atfords the tree 
L-amino acid only: 

C 


| hog-kidney 


Н.О + H;G—UC— NH СН СОН acylase 


CH, 
N-acetyl-r1-alaninc CUR 
(racemate | COT | 
i awk, : 
" : Н / CH: (26.17) 
HN CH; + HC—6— NH + CH,CO; 
Н | 
O 
1 -( + )-alanine 
(хон от ERHI] N-acetyl-n-alanine 


{soluble in КОН) 


[n this example. the liberated L-alanine is precipitated from ethanol: the N-acetyl-b-alanine re- 
mains in solution, from which it can be recovered and hydrolyzed in aqueous acid to n-alanine. 

The enzyme differentiates between the two enantiomers of N-acetylalanine because i is an 
enantiomerically pare chiral compound. Recall that enantiomers have different reactivities 
with chiral reagents (Sec. АУА). 


ACYLATION AND ESTERIFICATION REACTIONS 
OF AMINO ACIDS 


Amino acids undergo many of the reactions characteristic of both amines and carboxylic 
acids. Acviation is an amine reaction that is very important in amino acid chemistry. Acylation 
by acetic anhydride is shown in Eg. 26.18. 


О С) O 
- | | iO | 
H:.N—CH—COy 1 Hi —6--0—U—CH, turpem co Ree МН 11—001 
CH. acetic anhydride CH, 
B n 
СНіСН , 0. CINCH a), 
leucine N-acetylleucine 


(85 95565 yield} (16,18) 


Асуіапоп by acid chlorides 15 also a useful reaction (Sec. 21.8A). 


In Eq. 26.18, the amino group is protonated: yet the пени born of the amine is required to serve ах 
a nucleophile in the acylation reaction. Even in acidic solution. a very vrall amount of neutral amine 
is present, When this torm reacts. the acid-base equilibrium shifts rapidi, to replentsh this form. 
Mare venerally, a very intnor component of an equilibrium can serve us a телам in а reaction pro- 
vided that (a) this component ts sufficiently reactive and (b) the equilibrium can shift quickly enough 
lo replenish the minor form once it reacts, 
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Amino acids, like ordinary carboxylic acids, are easily esterified by heating with an alco- 
hol and a strong acid catalyst (acid-catalyzed esterification; Sec. 20.8A ). 


| i 

" ы H;50. Ман) S ‚ 

HN у—с—он + C;H;OH 2 ———Mg. HN у—с—осун, + HO 
p-aminobenzoic acid (РАВА) ethyl p-aminobenzoate 


(benzocaine, a local anesthetic) (26.19) 


PROBLEMS 26.14 Give the major product expected when 


(а) leucine ts treated with p-toluenesulfonyl chloride (tosyl chloride). 
(b) alanine is heated in methanol solvent with НСІ catalyst. 

26.15 Ifthe hydrochloride salt of glycine methyl ester is neutralized and allowed to stand in solu- 
tion, a pol'ymer forms. If the hydrochloride itself is allowed to stand, the polymerization re- 
action does not occur. Explain these observations. 


26.6  SOLID-PHASE PEPTIDE SYNTHESIS 
The most important reactions of a-amino acids are those used to assemble them into peptides. 
A number of methods have been developed for peptide synthesis, but the most widely used are 
variations of an ingenious method called solid-phase peptide synthesis. In this method, the 
carboxy-terminal amino acid is covalently anchored to an insoluble polymer, and the peptide 
is “grown” by adding one amino acid residue at a time to this polymer. Solutions containing 
the appropriate reagents are shaken with the polymer. At the conclusion of each step, the poly- 
mer containing the peptide is simply filtered away from the solution, which contains soluble 
by-products and impurities. The completed peptide is removed from the polymer by a reaction 
that breaks its bond to the resin, just as a plant is harvested by cutting it away from the ground. 
The advantage of this method is the ease with which the peptide is separated from soluble by- 
products of the reaction. The reactions used in solid-phase peptide synthesis also illustrate 
some important amino acid and peptide chemistry. 


Solid-Phase Peptide Synthesis 


Solid-phase peptide synthesis was devised by R. Bruce Merrifield (1921-2006) of The Rockefeller 
University, and first reported in the early 1960s. A particularly impressive achievement of the 
method was the synthesis of an active enzyme by Merrifield's research group in 1969 using a 
homemade machine in which the various steps of the method were preprogrammed. (Modern in- 
struments for automated solid-phase peptide synthesis are commercially available.) The enzyme 
that was synthesized, ribonuclease, contains 124 amino acid residues; the synthesis required 369 
separate reactions and 11,931 individual operations, yet was carried out in 1796 overall yield. (Sev- 
eral other proteins have since been prepared by solid-phase peptide synthesis.) For his invention 
and development of the solid-phase method, Merrifield was awarded the 1984. Nobel Prize in 
Chemistry. 
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solid-phase peptide synthesis ean be illustrated by the preparation of the tripeptide Phe- 
Gly-Ala. The solid-phase peptide synthesis begins with a derivatise of the carboxy-terminal 
residue Ala. In this derivative, the aiming group Is protected with a special aey] group that will 
be removed later, This group is a (9-fluoreny)imethoxyearbonyl group, which is generals 
known as an Fmoc group (pronounced "etíi- mock"). 


| О О 
A | | 


CH-O—C— NHCIK OH Fmoc-Ala 


\\ CII, 


Fmoc group 


The rationale behind the design of this group, which was deseloped in 1972 by Prof, Louis A. 
Carpino ol the University of Massachusetts, hecomes evident m Eq. 26.23. 

Fmoc-amino acids are prepared by allowing an Fmoc-N-hydrosysuccinimide ester to react 
with the amino group of the amino acid. 
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= | Nasty 
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Fmoc-NH5 alanine 


i J 
wd o l A 


pu ж па ш ша) + HO—N 


Етос- Аа N-hydroxysuccinimide 
(8590 vield) (NHS) 


N-Hydros ysuccinimide esters are nicknamed MAS esters; These and related esters are widely 
used in the peptide field because they have exactiy the right compromise of reactivity and sta- 
шү. Acid chlorides are more reactive. but undergo certain undesirable side reactions: ordi- 
пату esters. such as methyl esters, are not reactive enough to be useful. In Еч. 26.20, the baste 
condilions of the reaction (aqueous Ма,СО;) maintain the amino group of the e-amino acid in 
an unprotonated state; the amino group ean therefore act as a nucleophile. The amino group of 
the amino acid, rather than the carboxylate group, reacts with the ester because the amino 
group is the more basic. and therefore the more nucleophilic, group. 

The Fmoe-Ala formed in Eg. 26,20 15 then anchored onto an insoluble solid polymeric sup- 
port. called a resin using the reactivity of fts free carboxylate group. A variety of such resins 
are available commercially, but a popular one is the following: 
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a p-alkoxvbenzvl chloride 
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This is. in effect. an "insoluble p-ailkoxs benzyl chloride and it Bas the enhanced reactivity 
generally associated with benzslic halides (Sec. 174A). (The reason for the para —OCH.— 
group becomes apparent in Ey. 26.29.) An 8,2 reaction between Ше cesium salt ol Finec-Ala 
and the ehtoromeths | group of the resin results in the formation ol an ester linkage to the resin. 
(See Sec. 20088 for related chemistry.) 
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Further Exploration 26.1 (LH, 
Solid-Phase Peptide | 
Synthesis Fmoc-Ala linked to resin (26,223 


The role of the Fmoc protecting eroup in this reaction is to keep the amino group Irom com- 
peting with the carboxylate group as a nucleophile For the hbenzytic halide group on the resin, 
The resin is supplied as a powder consisting of tiny spherical beads; Although the preced- 
ing equaloms show only one peptide on the resin, many peptide chams are anchored to each 
polymer bead. and many polymer beads are used 1n each synthesis, 
Once the Fmoc-amtno acid is anchored to the resin. the Fmoec-proteeting group is remos cal 
hs treatment with piperidine, an amine Pase. 
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This is an E2 reaction. Recall from Sec. 17.3B that E2 reactions are particularly [ast when the 
B-hydrogen is particularly acidic, Неге we can appreciate the ingenious design of the mac 
protecting group. The 8-hydregen of this group is particularly acidic because the anion that 
would be formed by removal of this hydrogen as a proton is aromatice and therefore panic- 
ularly stable. (Note the "imbedded" eyclopemudienyl anion in red: see See. 15.71 and 
Eq. 15.43, p. 726.) 


an aromatic anion 


Because the product of the g-elimination in Eq. 26.23 15 à carbamate anion. 1 decarbox y- 
lates under the reaction conditions, (See Eq. 20.43. p. 977.) 


i 
а шш — F 
CH, 
() 
O= =) + ПМС п О + HN: 
| 
CEE, 
resin-bound Ala (624 


This reaction exposes the amino group of the resin-bound amino acid. This amino group 
serves as a nucleophile in the next reaction. 

Next comes the formation of the first peptide bond. Coupling of Finoc-glyeine to the free 
amino greup of the resin-hound Ala is effected by the reagent |. 3-diceyelohes ylearhodiimide 
(OCC in the presence of N-hydroxysuceimimide (NHS). (In this equation, Cy = cyclohexyl.) 


Q 


Fmoc — NH — CH. — C — OH + ONSU NCY = 


Fimoc-Gly DCC 


yl | 
E ш. DATE 


CH, 


resin-bound Ala 


( F«quiatton continues] 
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(1 C) O 
| | ZEN | 
| mec — NH —CH-.—&:— NH— CH —C€—0— CH: Ly Nir, —NFHCY (20.25) 
M - NN -dicyclohexylurea {DCU} 


Fmoc-Gly- Ala-resin 


In Eq. 26.25. addition of the carboxylic acid group to a double bond of DCC eives а Чега хе 
called an O-aey! 1s0urea. 


i) ү МНСу 
R—(.—OH + СУМ Му — RECUS —— i good leaving group 
the protected Dee МСУ 


amino acid 
an CO-acvl теза (20.264) 


This derivative behaves somewhat like an anhydride and is an excellent acyiating ugent. It re- 
acts with the NHS to form an NHS ester of the acvlating amino acid. 


| Q 
Q i 
EmocNH—CH:.—C—O—t — HO—N. — 
NC vy 
an O-acvl isourea О 
NHS O m 
» NHOY 
lmocNH —€14.— (C —0O— NK 6 
NIICY 
i] | 


NTIS ester of the 
protected amino acid DCU | 26. 26h) 
The resin-bound peptide can also react with the O-acv] isourea to give the desired coupling 
product, However, this heterogeneous reaction is slower than the reaction with NHS, which 
occurs in solution. EE the O-acyl isourea is not rapped by NHS, some of it rearranges to an N- 
acyl urea by à reaction called an О — № acyl shift: 


О = N acyl shift; 
an undesirable 
side reaction 


| 
FmocNH — CH. — C —0——€C — lmocNH = СНС N—C€—NHCvy 
Woo | 
NCY Cy 


an СЈ-асу] мига an N-acyl urea (26. 260} 


The N-acyl urea is an undesirable by-product. [n addition, the -acyl Isoureas. in some cases. 
undergo other side reactions. The NHS esters do not have these problems. 
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We have already seen (Eq. 26.20) that NIIS esters readily. undergo iminolssis; The same 
reaction happens here. The NHS ester reacts with the amino group of dhe resin hound Ala te 
form Ihe peptide bond — that rs; an amide linkage. 


O E (1 
NM ett d = es Lg ey d S 
FmocNI I —CEI—9O— 0— MN ~~ Fee — (JI — 0 — (7—01. 73 — y 
ie E: = 
h CAT, 
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Ala-resi 
NES ester ot the protected amino ail Son 
) 
О Q E 
1! r5 ч“. 2 
FmocNH—CH;—C--HN- CH—C—0O—CH.— 9 - HON 
the new РА | _—/ y 
peptide bond t] і; 
o 
Fmoc-Gly-Ala-resin 
126.727, 


Completion of the peptide synthesis requires deprotection of the dipeptide-resin as in Egs. 
26,33 und 26.24 und a final coupling step with Fmoc-Phe. DCC. and NHS: 


[тик МЕн ETC * LI 


| deprotection 
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тасм ПС 77 Gh — Аі resin С 2 Н.М АА темп (26,28) 
] E 
CHAPh CH Ph 


Phe-Gly-Ala-resin 


Once ull the peptide bonds in the desired tripeptide are assembled. the completed peptide 
must he removed from the resin. The ester linkage that connects the peptide to the resin, like 
most esters, Is more easily cleaved than the peptide famide) bonds (Sec. 21.7 E). The particu- 
lar ester linkage used in this case is broken by acarbocation mechanism using 50-6054 trifluo- 
roaccte acid ТЕА) in dichloromethane. 
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à relatively stable carbecation [25.301 


The acidic conditions promote breaking ol the ester linkage bs an 541 mechanism, Protoni- 
Hon ol the peptide carbon | converts this group into a good heaving group because it is ihe con- 


Jugate acid of a very weak base, The $S] cleavage vields à carbocation that is resonance: 


«abilized. not only. by the benzene ring but. also by the para oxygen. (Draw resonance 
structures that show this stabilization.) This is the reason tor inclusion of the para — ОСН. 
eroup in the design of the resi it accelerates ester cleavage, and thus release of the peptide. 
by acid, As a cesultor this reaction, the peptide is liberated into solution. from which it can be 
readily isolated. 

Nolice that the conditions of peptide synthesis. and deprotection Чо дег affect the ester 
group bs which the peptide is inked to the resin; Benzshie esters undergo aminolysrs very 
sluggishly wilh secondary amines such as piperidine because of steric hindrance between the 
phenyl hydrogens and the amine, Furthermore, the piperidine treatment required [or remova! 
ot the Free group takes only one minute. This is too brief a time For aminolysis of the ester 
io occur. However the ester is cleaved bs acidic conditions because of the eise with which ii 
forms a relatively stable carbocation. 

The method of solid-phase peptide synthesis just discussed. which employs the Го 
group as the amino-terminal protecting group. is one of twa major methods m common use 
todas. The other important method involves a conceptually similar stepwise approach but enm- 
ploss a different protecting. 2reun. the terr hutexscarhonsy] (Boc) group. whieh can be re- 
moved bi anhydrous acid. 
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This deprotection scheme relies on the formation of a relatively stable fert-butyi cation by an S, Í 
mechanism that is very similar to the mechanism in Eq. 26,29. Because an acid (TPA } is used for 
deprotecuon, the linkage of the peptide to the resin must be stable to treatment with TPA. Hence, 
a different type of resin linkage is used when Boc protection is employed: 


Peptide — C н (26.31) 
Compare this with the resin used in Fmoe chemistry (Eq. 26.21): although both are benzylic 
esters, there is no para oxygen in this case. This peptide linkage is therefore much more stable 
to acid because the carhocalion $, 1 cleavage mechanism js less favorable. (Why? In fact, Hy- 
Wid HF is required to cleave the peptide from the resin. (Boe protection and AP cleavage were 
used in much of the original work on solid-phase peptide synthesis.) Although the НЕ eleay- 
age procedure is relatively simple with the proper apparatus. HF is extremely hazardous. The 
avoidance of liquid HF provided much of the impetus for the development of the Fror 
scheme. 

The same reagents used tor solid-phase peptide synthesis can also be used for peptide syn- 
thesis in solution, but removal of the DCU by-product from the product peptide is sometimes 
difficult. The advantage of the solid-phase method. then, is the ease with which dissolved 1m- 
purities and by-products are removed from the resin-bound peptide by simple fiftration, 

Despite its advantages, solid-phase peptide synthesis has one unique problem. Suppose. for 
example. that а coupling reaction is incomplete, or that other side reactions take place to give 
impurities that remain covalentiy bound to the resin, These are then carried along to the end of 
the synthesis, when they аге also removed from the resin and must be separated (in some cases 
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tediously) from the desired peptide product. To avoid impurities, then, each step in the solid- 
phase synthesis must occur with virtually 100% yield. Remarkably, this ideal is often ap- 
proached closely in practice. (See Problem 26.16.) 


FRSISEENIE 26.16 Calculate the average yield of each of the 369 steps in the synthesis of ribonuclease by the 
solid-phase method discussed їп the sidebar on p. 1283, assuming the reported overall yield 
of 17%. 

26.17 What average yield per amino acid would be required to synthesize a protein containing 100 

amino acids in 50% overall yield? 

26.18 (a) An aspiring peptide chemist, Mo Bonds, has decided to attempt the synthesis of the pep- 
tide Gly-Lys-Ala using the solid-phase method. To the Ala-resin he couples the follow- 
ing derivative of lysine: 

Fmoc— NH = — COH 
| 


e 3Ja 
NH — Fmoc 
a,€-diFmoc-lysine 


Why are two protecting groups necessary for lysine? 

(b) After the coupling, he deprotects his resin-bound peptide with 20% piperidine in DMF, 
and then completes the synthesis in the usual way by coupling Fmoc-Gly, deprotecting 
the peptide, and removing it from the resin. He is shocked to find a mixture of several 
peptide products. Two of them contain one residue of each of the amino acids Ala, Gly, 
and Lys, and one contains two residues of Gly, one residue of Ala, and one residue of 
Lys. Suggest a structure for each product and explain how each is formed. 


26.19 Consider the following solid-phase peptide synthesis: 


solid phase; 
structure in Eq. 26.21, 
p. 1285 
| 20% piperidine 
is DMF 
FmocNHCH;C— O^" Cst + CICH,—3 —— A — B 
FmocNHCHCO;H 
(abi uar 2096 piperidine 

a-Fmoc-e-Boc-Lys C DMF D Boc-Val E 

——————— | 

DCC/NHS | DCC/NHS 

CRECH - 
CH;Ch Peptide P 


(a) Give the structure of each compound A-P, 

(b) Explain the reason for the Boc group on the side chain of the Lys group in the reac- 
поп B —» C. 

(c) Explain why Boc-Val rather than Fmoc- Val is used in the D ——» E step of the 
synthesis. 


Problem 26.18 shows that certain amino acid side chains can also react under the condi- 
tions of peptide synthesis. Special protecting groups (Sec. 19.10B) must be introduced on 
these side chains. (Problem 26.19 illustrates this point.) These protecting groups must survive 
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the entire synthesis; including the removal of the amino-protecting. group at cach stage, усі 
themselves be removable at the end of the synthesis, The chotce of protecting groups that ean 
meet these exacting requirements is an important aspect of amy peptide synthesis, 


HYDROLYSIS OF PEPTIDES 


A. Complete Hydrolysis and Amino Acid Analysis 


One reaction that all peptides have in common is amide hydrolysis; When peptides are heated 
with moderately concentrated aqueous acid or base, they. are hydrolyzed to their component 
amine acids. This hydrolysis is ty piealls carried to completion in 6 AF aqueous HCI at 110 7€ 
for 20. 24 hours, 
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CH, CHIEDI 
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An important reason for hydrolyzing peptides of unknown structure is thal the апо acid 
products that result from this hydrolysis ean he separated and quantified. The determination of 
the identities and relatise amounts of amino acids in a peptide 1s called amino acid analysis. 

Several reliable techniques are available for earrsing out amino асы analysis. The methods 
in mest common use today involve conversion ol the mixture of amino acids [formed in ihe Ry- 
drolysis of a peptide into der усех that are readily detected by spectroscopy. For example. in 
one method, the mixture of amino acids resulting from hydrolysis ts allowed to react with 
1-[[(6-quinolylamine urbony oxy ]-2.5-pyrrolidinedione. a compound whose name in com- 
mon usage is mercifully shortened to the acronym “AQC-NHS” 
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This is the same type of reaction that ts used in peptide synthesis (Eq. 26.20. p. 12843. ft rv- 
sults in the "tagging of each ammo acid in a hydrolysis mixture with the AQC eroup. which 
absorbs strongly at 254 nm in UM spectroscopy. This group is also f/geirescent This means 
that when in absorbs UV light at one wavelength, it emits fight at a different, longer wave- 
length—in this case. at 395 mm. im the blue region of the visible spectrum, Alter the sarious 
AQC-amino acids are separated. they can be quantified by measuring either ПУ absorption at 
244 nm or fluorescence at 395 nm, heeause both techniques depend on the concentration of the 
absorbing or fluorescing species, Fluorescence is more sensitive: that ts. one eun detect 
smaller quantities «uh fiuorescenee. | 

Before the relauive amounts of AQC-amino acids in a hydrolysis mixture can he deter 
mined. thes must be separated. The separation of nearly 20 compounds of rather closely 
related structure might seem to be a daunting tash, bul conditions have been carefully worked 
oul so that this separation is a reuline matter, Again. Bquid chromiategraphy (Sec. 26.30) 15 
used: this ts pe of liquid chromatography ts culled C78 /ugiesperienmnance йун ehremeatogra- 
риу, ar CIS-HPIEC. 

Recall that, in chromatography, compounds are separated by their differential adsorptrons 
ona stationary phase. In CIS-HPLC chromatography. the stationary. phase is a powder that 
consists of microscopie glass beads 10 which all I8-earhon unbranched alkyl groups (that is. 
octadecev] groups} have been eovalently bonded. We can represent the stationary phase 
schematically as follows: 


interior of the glass bead 
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some other eroup, e.g, (CH 


We can think of this stationary phase ах class with a hydrocarbon coat. and we cam regard ad- 
«orplion simply as а solubility phenomenon. Compounds that are more soluble in hydrocar- 
bons are adsorhed more strongh by the column. Howe consider the structures of the various 
AQC-amino acids in this Tight, we would expect that the derivatives of amino acids with hy- 
drocurbon side chains. such as leucine, isoleucine. and phenylalanine, would be adsorbed 
more strongly on the stationary phase. We would expect the AQC derivatives ol amino acids 
with polar side chains, such as serine and aspartic aed. lo be adsorbed less strongly for the 
«ame reasons That alcohols and carboxylic acids are nol very seluble in hydrocarbons. This 1s 
exactis what happens. The СІК HPLC separation of a mixture of AQC-aumino acids is shown 
in Fig. 26.3 on p. 1295. The CES column is first eluted with water, The AQC amino acids with 
polar side chains are more soluble in the solvent and are less strongly attracted to the column, 
so they clute first; The AQC-amino acids with less polar. more hydrocarbonlike side chains are 
adsorbed by the column, They are eluted by changing the solvent composition gradually to 
about 20% acetonitrile: the adsorbed compounds are more soluble in acetenunle than they are 
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Further Exploration 26.2 
Reaction of 
a-Amino Acids 
with Ninhydrin 


in water and are removed trom the column by acetonitrile. As they emerge from the column. 
the various AQC-amino acids are detected by their fluorescence. 

Once a standard mixture of AQC-amino acids has been through the C18 column and the 
relative fluorescences of the different compounds have been determined, the hydrolysate of a 
peptide of unknown structure can be "tagged" with AQC and treated in exactly the same way. 
The relative amounts of each amino acid are then calculated from the data. 

А second and older method of amino acid analvsis involves separation of the amino acids 
themselves by ion-exchange chromatography under carefully defined conditions. Ás the 
amino acids emerge from the chromatography column. they are mixed with а compound 
called ninhydrin, a reagent that reacts with primary amines and œ-amino acids to give a dye 
called Ruhemann’s purple, which has an intense blue-violet color. 


O 
OH Е v— rapea 3H = 
2 + HN—HC— COF + Lit “OAc ——— 
OH | 
О A 
ninhydrin 
он" О 
NN + R—CH— 6 CO; + HOAc + ZH.O 
O O 


Ruhemann's purple 
Amax = 570 nm (26.331 


The intensity of the resulting color 15 proportional to the amount of the amino acid present. 
As an example of amino acid analysis, imagine that а hypothetical peptide P has heen hy- 
drolyzed, tagged with АОС, and subjected to CI8-HPLC, and that the results are as follows: 


P: (Asp or Asn).Gly,. His. NH, Arg. Ala, Pro, Tvr. Val, Met Lys Ile, Leu.Phe, Trp 


According to this analysis, the peptide contains three times as much Ala and twice as much 
Gly as Arg, His, Lys. or the other amino acids present. The absolute number of each amino 
acid residue is unknown unless the molecular mass of the peptide is known.The relative order 
of the amino acid residues within the peptide is also unknown. In this sense, amino acid analy- 
sis 15 to the amino acid composition of a peptide as elemental analysis is to the molecular for- 
mula of an organic compound. 


PROBLEMS 26.20 (a) Notice in peptide P (see previous discussion) that Asn and Asp are not distinguished by 


amino acid analysis. Explain. (Hint: Why 1s ammonia present in the amino acid analysis 
of peptide P?) 
(b) What other pair of amino acids are not differentiated by amino acid analysis? 
26.21 AQC-tryptophan is not shown in Fig. 26.3. In what general region of the chromatogram 
would you expect to find AQC-Trp if it were present? Explain. 
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Figure 26.3 Separation of a mixture containing 50 picomoles (pmol) (50 х 107" mole) of each AQC-amino acid 
by C18-HPLC chromatography in an aqueous buffer at pH 5.0 containing increasing percentages of acetonitrile. 
The percentage of acetonitrile in the eluting solvent is plotted in the blue overlay. Detection of the AQC-amino 
acids is by fluorescence. AQC-tryptophan (Trp) is not shown because tryptophan is destroyed by the strongly 
acidic conditions of peptide hydrolysis, but special base-hydrolysis methods can be used to detect Trp. AQC-glu- 
tamine (Gln) and AQC-asparagine (Asn) are also not shown because the side-chain amide groups of Asn and Gin 
are hydrolyzed under the conditions of amide hydrolysis; see Problem 26.20. Cysteine (Cys) and lysine (Lys) are 
present at half the concentration of the other amino acids. The compound that elutes first, АМО, is an ester-hydrol- 
ysis product of AQC-NHS that is formed in а side reaction during derivatization, Notice that the AQC-amino acids 
with the greatest hydrocarbon character are eluted last. Fluorescence intensity grows to the right because it is sol- 
vent-dependent and is greater in the solvents with a higher percentage of acetonitrile. 


26.22 The amino acids Lys and Cys, afler “tagging” with AQC, are each found to contain two 
AQC groups. Explain: your explanation should involve the structures of the AQC-amino 
acids. 


Enzyme-Catalyzed Peptide Hydrolysis 


Peptides сап be hydrolyzed at specific amino acid residues by treating them with certain en- 
zymes, called proteases, peptidases, or proteolytic enzymes. These methods are very useful 
in determining the structures of peptides, as discussed in Sec. 26.8C. 

One of the most widely used proteases is the enzyme trypsin. This is a digestive enzyme 
(obtained commercially from cattle}, the biological role of which is to catalyze the hydrolytic 
breakdown of dietary proteins in the intestinal tract. Trypsin catalyzes the hydrolysis of pep- 
tides or proteins at the carbonyl! group of arginine or lysine residues, provided that these 
residues are (a) not at the amino end of the protein, and (b) not followed by a proline residue. 
(In the following equations, Pep" stands for the amino-terminal part of the peptide—the part 
attached by an amide bond to the a-nitrogen of arginine or lysine, in this case—and Pep* 
stands for the carbox y-terminal part of the peptide.) 
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(The mechantsm of us psin-eataly zed hydrolssis, and the reason for its lysine and arginine 
specificity, are discussed in See. 26.10.) Because trypsin catalyzes the hydrolysis of peptides 
at internal rather than terminal residues, it ts called an endopeptidase. (Enzymes that cleave 
peptides only al terminal residues are called exopeptidases. The pretixes ende and exe come 
from Greek roots meaning "inside" and “outside.” respectively. | 

Biochemtsts have developed an arsenal of different proteolytie enzs mes that are used for 
the hyrols sis of peptides at specifie sites. For example. chymotrypsin, another mammalian 
digestive protein related to us рал, is used ro eatalyze the hydrolysis of peptides at amino acid 
residues with aroematie side chains and, to a lesser extent, al residues with large hydrocarbon 
side chains. Thus. chymotrypsin cleaves peptides al Phe. Trp. Туг, and occastonally, al Leu 
and [le residues. An important endopeptidase from a microorganism, Stegpiiviecoceus aurem. 
catalyzes the hydrolysis ef peptides at elutamie acid residues, 


"коне 26.23 A peptide P has the sequence of amino acids Ё-К-С-А-М--К-К-Н-Е-М. What products 
would be formed it this peptide were subjected to rrvpsim-catalvzed hydrolysis" 


26.24 When a peptide Q with the amino acid analysis (AF.G.] KN.ER, S, Y 1 is treated with 
trypsin, three new peptides are formed taming acid analysis in parentheses}: 77(A.F.R.SY 
га. KE and С, М.Р. When peptide Q is treated with chymotrypsin. four peptides 
are formed: CHAN. SY): CUBR Сб. and CHG. Pi What ean vou deduce about 
the order in which the amino acids in P are connected? Explain. What are the points of un- 
certainty? 


PRIMARY STRUCTURE OF PEPTIDES AND PROTEINS 


The structures of molecules as large as peptides and proteins ean be described at different les - 
els of complexity. The simplest description of a peptide or protein structure is its covalent 
structure. or primary structure. The most important aspect of ans primary structure is the 
amino acid sequence, whieh is the order in which the amino acid residues are connected, 
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Peptide bonds are not the only covalent bonds that can connect amino acid residues. Disul- 
fide bonds (Sec. 10.9) link cysteine residues in different parts of a sequence. 


Q 
| ] 
-"NH—CH—C-— "Оер! cha 
CH,—5 кеу — He — M —3Ó 
" | | å disulfide bond between two 
4 | —7 cysteine residues 
CHs—5 Psi ir igo LI BM 


~C—CH—NH 
| 
О 


(In some proteins, all Cys residues are involved in disulfide bond formation: in others, some 
Cys residues are not.) Disulfide bonds thus serve as crosslinks between different parts of a 
peptide chain. A number of proteins contain several peptide chains: disulfide bonds help to 
hold these chains together. The primary structure of a peptide or protein, then, includes its 
amino acid sequence and its disulfide bonds. The primary structure of /vsozvme. a small en- 
zyme that is abundant in hen egg white, is shown in Fig. 26.4. Lysozyme is a single polypep- 


40 


GOWN: 
| @ (Gln) c 
m i i OO (Ala) TP lyr 


(rp Gly 
ау 5 бъ) ше) 
` 
5 T © (Lew 
==: e @ 


Ee 


ыа 
„к 


29292). 


F 

un 
= 

m] 


М t 
г Y 
r^ 
bal 


X, 


Figure 26.4 The primary structure of the enzyme lysozyme from hen egg white. Physiologically, lysozyme cat- 
alyzes the hydrolysis of bacterial cell walls, Different variants of this enzyme are found in tears, nasal mucus, and 
even viruses—anywhere antibacterial action is important. Lysozyme is one of the smallest known enzymes. Indi- 
vidual amino acid residues, connected by peptide bonds, are numbered from the amino terminus, The cysteine 
residues involved in the disulfide bonds are shown in orange. 
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tide chain of 129 amino acids that includes eight evsteine residues incorporated into four 
disulfide Bonds. 

The disulfide bonds of à protein are readily reduced to free essteine thiols by other thiols. 
Two commonly used thiol reagents are 2-mercaptoethanol (H8CH;CEHÁSOH n, and dithiothre- 
ital (known to biochemists us DTT. or Cleland's reagent), 


protein protein 
| 
| ) ) 
CH, POS chem 1 М 
i, | — — E | (26.47) 
CH.—§ NEST CH,—SH |, У 
| | 
И dithiothreitol on 


(DTT; Cleland’s reagent) 


This reaction is a biological example of the thioldisulfide equilibrium shown in Eqs. Ю.А7а 
and b, p. 473. Tvpically. when the extraneous thiols are removed. the thiols of the protein 
spontaneousls reoxidize in air back to disulfides. 


The reaction in Eq. 26.37 is à very clever application of the prosimits effect (Sec. 117). The equilib- 
rium constant between ene throf-disullide pair and another would урш ШУ be close to ЫП. Ном eser. 
the formation of six-membered rings ts favored entropicails, As à result. the equilibrium strongly [a- 
vars the right side ot the equation, 


A Practical Example of Disulfide-Bond Reduction 


An interesting example of the biological effects of disulfide-bond reduction occurs in the use of 
permanent-wave preparations to curl the hair. Hair (protein) is treated with a thiol solution; this so- 
lution is responsible for the unpleasant smell of permanents. The thiol solution reduces the disul- 
fide bonds in the hair. With the hair in curlers, the disulfides are allowed to reoxidize. The hair is thus 
set by disulfide-bond reformation into the conformation dictated by the curlers. Only after a long 
time do the disulfide bonds rescramble to their normal configuration, when another permanent 
becomes necessary. 

An industrial example of the use of disulfide bonds is the process of vulcanization (Sec. 15.5), 
which introduces disulfide bonds into both natural rubber and synthetic polymers. Vulcanization 
provides a polymer with greater rigidity. 


Disulfide bonds are the most common type of crosslink between peptide chains, but other 
types of crosslinks are possible. For example. the side-chain amino group of a Lys residue, or 
the side-chain carboxy groups of Asp or Glu residues. could form amide bonds, thus creating 
branches in peptide chains. One of the best known examples of peptide crosslinking occurs in 
the Bacterial cell wall; A rigid. two-dimensional network is formed by an all-glycine pen- 
tapeptide connected by amide bonds to the side-chain amino group of a Lys residue in one 
peptide chain and the carboxy group of a b-alanine residue im another. 
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Crosslinking of this sort 15 gencrally found in structural proteins. and even then it is relatively 
uncommon. this example notwithstanding. Mast proteins consist. of unbranehed peptide 
chains crosslinked by disulfide bridges. 

The determination of the primary structure of à peptide or protein would appear to be a 
complex problem, because a given amino acid composilion can correspond to a very large 
number of amino-acid arrangements, or sequences, for even a small peptide. For example. 120 
unique sequences are possible for à pentapeptide containing five different amino acids, and 
more than 3.6 million sequences are possible for a decapeplide containing ТО different amino 
acids! Despite this apparent complexity, there are well-established methods for determining 
the primary structures of peptides, The determination of a primary structure 15 called sequent- 
ing. In Sec. ОЗА, well discuss the use af mass spectrometry (See. 12.61 for peptide sequenc- 
ing. and in Sec. 26.8B, we'll discuss a well-established chemical method, Finally, in Sec. 
26.8C, we learn how the primary amino acid sequences of large proteins are determined. 


Peptide Sequencing by Mass Spectrometry 


A peal peptide can be sequenced in the mass spectrometer using electrospray ionization 
IESE, which we can think of as a chemical ionization tC]! technique (Sec. 12.6D). The pep- 
tide in the gas phase is protonated to give an М + J зоп, from which the molecular mass of the 
peptide is determined, Ina special type of mass spectrometer, the М = | ion is subjected to a 
technique called tandem mass spectrometry, or simply MS-MS. In this technique. the ton is 
lirst energized in some way. Increasing the energy of this ton causes IE to undergo fragmenta- 
lion, For example, in one method. the M + E jon is routed into a collision cell into which а 
noble eas such as argon or xenon is admitted. “Phe collision of the ian with the gas molecules 
causes it to eain energy and undergo fragmentation. (This is something like what happens to a 
window if vou throw baseballs at itd Recall that. in fragmentation, a cationic fragment and a 
neutral fragment are produced, and the mass spectrometer detects the cation. Peptide fragmen- 
tation can in principle occur at every bond along the peptide backbone. When fragmentation 
at a particular bond takes place, the charge ean remain with the amino-terminal augment, or i 
can remaim with the carboxy-rterminal fragment. Using a four-residue peptide us an example. 
the possible fragments are categorized as follows: 
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Iragmentations in which charges carried by ihe C terminal tragment 
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[t 1s important to understand that each fragment shown above arises from a single fragmenta 
Bon of the Mo- dion In eher words, some M + 1 ions undergo Б. Fragmentation. others un- 
dergo y. fragmentaion. others undergo c; fragmentation, and so on, 

In many cases. the b-E pe and y-lype [ragmentations Gecur most frequently. That is. frag- 
mentation often occurs at the peptide bend. To Musiwate the type of data obtained from a pep- 
пае mass spectrum. we I imagine. for simplicity, a case in which only b-ts pe fragmentation 
Is significant. An Мот lion can be formed hy protonation of any one of the carbonyl groups 
of the peptide as well as protonation of baste side-chain groups, In other words, the M. + [лоп 
Is actually а mixture of tons that differ in their sites of protonation, Let's consider the h, Irag- 
mentation ofthe peptide in ig. 26.38. Most ofthe protonation probably occurs al the carbons] 
oxygen (Sec. 21.5). However a very small amount of the nitrogen-protonated amide is also 
produced. This species is much fess stable. because all of the amide resonance is obliterated 
hs nitrogen protonation, [tis probably this ion that undergoes fragmentation because of its in- 
stability: 


Zee Til 
a d ap BRL 
Pep? Са Pep ж Рер^—©Н (С=О: + Н.М FPep' (26,101 
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an N-pretenated amide an асу to 


Мом imagine that һыу pe fragments are produced [rom other M — 1 ions that are prolo- 
naled at other amide nitrogens, and further imagine that each of these Iragmentations occurs 
ma measurable amount. As a result. Iragmentaton of the М = 1 tons results in a Галх ol b- 
(уре lons—b . he. and b,—the masses of which differ by the utomic masses of he interventi 
residues: 


mass difference between 
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Figure 26.5 The MS-MS of an N-acylated tripeptide, V-F-M.The M + 1 ion was observed before it was subjected 
to fragmentation and found to have a mass of 729. The mass differences between the major peaks correspond to 
the residues between successive b-type fragmentation points. The fragmentation points are marked with dashed 
lines, The mass differences correspond to the residue masses in Table 26.2, 


TABLE 26.2 Amino Acid Residue Masses 


о 
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H 
the masses of — NHCHC — {or isomeric structures), 
| 


| 
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where Н = H for Gly, В = CH; for Ala, etc. 


Residue Mass Residue Mass Residue Mass 
Ala (A) 71.0 Glu (E) 129.0 Pro {P} 97.1 
Arg (R) 156.1 His (Н) 137.1 Ser (5) 87.0 
Asn (N) 114.0 Пе (1) 113.1 Thr (T) 101.0 
Asp (D) 115.0 Leu iL} 113.1 Trp (W) 186.1 
Cys (C) 103.0 Lys (K) 128.1 Tyr (Y) 193.1 
Gln (Q) 128.1 Met (M) 131.0 Val (V) 99.1 
Gly (G) 57.0 Phe (F} 147.1 


The sequence from the C-terminus can then be read directly from the mass spectrum, right- 
to-left. using the mass differences between the peaks. Such a sequence determination is illus- 
trated in Fig. 26.5 for a synthetic V-acylated tripeptide with the structure shown in the figure. 
The masses of the amino acid residues used to make the identification are given in Table 26.2. 
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Study Problem 26.1 


When several types of fragmentation occur, each type of fragmentation gives a family of 
peaks, but each peak in a given family differs from the next by a residue mass. If the mass 
spectra are complex because of the occurrence of multiple fragmentation modes, computer 
programs are available that can assist in the analvsis. 

In MS-MS, all of the sequence information is obtained in one experiment. But MS-MS has 
another, even more powerful, capability. Suppose a large peptide is subjected to trypsin-cat- 
alyzed hydrolysis, and four or five smaller peptides are obtained. Traditionally, the sequenc- 
ing of peptides required pure samples, and purification of a complex peptide mixture typically 
required laborious chromatography. However, with MS-MS, each peptide in the mixture can 
be sequenced directly from the mixture—no purification required—provided that these pep- 
tides differ in mass. The MS-MS analyzer can sequester the M + 1 ions of each peptide in 
turn, energize them. and thus produce separate mass spectra for all of them in the same exper- 
iment. In effect, the mass spectrometer performs the separation on the basis of the differing 
masses of the M + 1 ions. This high-throughput capability has revolutionized biochemical 
analysis. 

The number of residues that can be sequenced by MS-MS depends on the specific case. Se- 
quencing 7—10 residues is often possible. and 20 residues can be sequenced in favorable cases. 
Longer peptides, however, can be hydrolyzed with trypsin or other proteolytic enzymes to pro- 
duce shorter peptides. The order of the shorter peptides in the overall sequence can be estab- 
lished by comparing the results of two or more digests resulting from the use of proteolytic en- 
zymes with differing specificities. This process is called the method of overlapping peptides. 
This strategy is illustrated by Study Problem 26.1. 


A peptide P with the amino acid composition (A,E,F,G;,H,K,L,M,P.R,V,Y) did not yield to MS-MS 
sequencing, so it was hydrolyzed with trypsin to three peptides 77, 72, and 73, which were found by 
MS-MS to have the following structures: 


Ti; A-H-K T2: E-M-V ТЗ: (L,P)-F-G-G- Y -R 


(The parentheses in 73 mean that the order of L and P could not be determined.) Hydrolysis of P 
catalyzed by chymotrypsin yielded three peptides C/, C2, and C3, which were sequenced by 
MS-MS and found to have the following structures: 


Cl; A-H-K-L-P-F C2: G-G-Y C3: R-E-M-V 


What is the amino acid sequence of peptide P? 


Solution Because trypsin hreaks peptides at the C-terminal side of K and R, and because only 
peptide 72 does not have one of these residues at its C-terminus, the sequence of peptide 72 must 
have been at the C-terminus of peptide P. Hence, the two possible sequences of P аге Т/-73-72 and 
T3-T1-T2. The sequence of the chymotryptic peptide C3 overlaps parts of the sequences of 73 and 
T2. This overlap shows that, in the sequence of peptide Р, an R residue precedes the E residue and 
that the sequence of 73 precedes the sequence of T2 in peptide P The chymotryptic peptide C/ re- 
solves the ambiguity in the positions of L and P in peptide 73. Because the sequence of C/ overlaps 
parts of the sequences of 77 and 73, this sequence also confirms the sequence order T/—73. There- 
fore, the sequence of peptide P is Т/-73-Т2, or 


P: A-H-K-L-P-F-G-G-Y-R-E-M-V 
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PROBLEMS : | . : ; b 
| PROBLEMS 26.25 (a}Give the m/z values of the fragment ions expected [rom Блуре fragmentation of an 
M + lion of the peptide N-F-E-5-G-K. 


(b) Give the m/z values of the fragment tons expected from y-type fragmentation of an 

М + [лоп of the peptide in pan (а). 
26.26 Give the curved-arrow mechanism for the formation of each of the following fragment ions 

in Fig. 26.5 from an M + ] ion. 

(a) the fragment at m/z = 551.94. (Hinr: This fragment results from an a-type cleavage [Eq. 
26.38].) 

(b) the fragment ion at m/z = 710.97 

(c) the fragment ion at 727.09, Show how this mechanism inight be tested with а deuterium- 
labeled peptide. 


B. Peptide Sequencing by the Edman Degradation 


Prior to the advent of peptide sequencing oy MS-MS, the standard sequencing method wis a 
chemical process called the Edman degradation. named for aller Pehr Vietor Edman 
(1916-1977). a Swedish biochemist who devised the method tn 1952, In an Edman desrada- 
tion. the peptide is treated wilh pcm isothiocyanate (often called the Edman reagent}. The 
peptide reacts with the Edman reagent at is amino groups to give thiourea derivatives, Al- 
though reaction with the Edman reagent also occurs al the side-chain amino groups of Iysine 
residues (see Problem 26.42, p. 13255. only the reaction at the terminal amino group is rele- 
vant io the degradation. (As before. the abbreviation Pep? is used for the amino-ierminal parl 
of a peptide and the abbreviation Рер for the carboxy-terminal part.) 
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This reaction is exaetiv analogous to the reaction of amines with /secvanates. the oxygen 
analogs of iotffocvanares (Eq. 23370. p. 1151). Any remaining phenyl isothiocyanate is me- 
moved, and the modified peptide is then treated with anhydrous trifluoroacetic acid. As a re- 
sult of this treatment, the sulfur of the thiourea. which is nucleophilic. displaces the ammo 
group of the adjacent residue to yield à five-membered heterocycle called а fiazefinone:; the 
other produet of the reaction is o peptide Ини is one residue shorter. 
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When treated subsequentis. with aqueous acid. the thiazolinone Феу аиле forms an tomer 
called а phenylthiohy dantoin, ог PTH. This probably occurs bx reopening of the thiazell- 
none to the thiourea. Follow ed by ring formation invelving the thiourea nitrogen. Notice in this 
and the previous equation the intramolecular formation of five-membered rines. 


р side chain of the 
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Because the PTH derivative carries the characteristic side. chain of the amino-terminal 
residue, identification of the PTH identifies the amine acid residue thai was removed. Meth- 
ods for identify ing PIH derivatives by chromatography are well established. The peptide БВ 
erated in Ey. 26:41h ean be subjected in turn to the Edman degradation again to siedd the РТИ 
derivative of the next amino acid and anew peptide that is shorter by set another residue, 

In principle. the Edman degradation сап be continued indetiniely for as mans residues is 
necessary to define completely. the sequence of a peptide. In practice. because the sields at 
саса мер are not pertecths quantitative, an increasingly complex misture of peptides is formed 
with each successive step in the cleavage. and. after a number of such steps, the results become 
ambiguous. Hence, the number of residues in a sequenee thal ean be determined by the Edman 
method ts limited, Nevertheless, instruments are now in use that van apply Edman chemistrs 
to the structure determination. of peptides in a highls standardized. automated. and. repro- 
ducible form. [n sugh instruments. the sequential degradation of 20 residues is common. und 
the degradation of às many as 60 or 70 amine acid residues is sometimes possible, 

When using the Edman degradation. a researcher has to wart for the completion of one 
cycle betore initiating the next eyele. Furthermore, a peptide or protein must be puritied De- 
fore subjecting it to the Edman degradation. Unless multiple sequencing instruments are avail- 
able in the laboratory, only one peptide ean be sequenced ata tme. Because of its ehemtstrs. 
the Edman method works progressively from the amino end of à peptide, and, if a carboxs -ter- 
minal sequence is needed. the Edman method is of no tse. (Another Imitation is the subject 
ol Problem 26.25.) Sequencing hy М-М has none of these Innitations; However the 
Edman method ts extremely reliable. and generally more residues can be sequenced with the 
Edman technique than with MMS-MBS. Instruments for Edman sequencing are also much less 
expensive Ihan МУ MS instruments. Hence. the Edman method is still used. but it is used 
much less than it once wis. 


PROBLEMS Ес . . . er 
26.27 Using the curved-arrow notation, write in detail the mechanisms for the reactions in 


(a) by. 26.А!а (b) Eg. 16.41b (е) Eq. 26.41c 
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26.28 Some peptides found in nature have an amino-terminal avery] group (red 
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ta) Can these peptides undergo the Edman degradation? Explain. 
(b) Does N-acvlIation have any adverse effect on sequencing by MS-MS? Explain. 


Protein Sequencing 


In the early histon of structural biology. the complete primary sequence of à protein was deter- 
mined by isolation of the tadisidual pepdide chains tollowed by try ptic and chyamotrs prie bxdrol- 
sais to afford overlapping peptides of manageable size, These peptides were then sequenced Бу 
the Edman degradation: Determining the complete sequence of a protein took several scars of 
work. Nevertheless; mans protein sequences were determined in this way, and these have been 
presen to be quite reliable. 

The development, in tie date 1970s. of methods for rapidly sequencing the nucleotides in 
DNA made it possible to read the complete sequences of proteins directly from DNA sequences, 
The biosynthesis af proteins ts coded within DNA Бу contiguous sequences of nucleotides in 
which euch amino acid is represented bs a three-base code (Sec. 25.58). Por example. reading 
from the 3° end of à DNA sequence, the amino acid Phe is coded by ether of the bo sequences 
А-А-А and A-A-T: the amine acid Trp ts coded by the nucleotide sequence A-C-C. In principe. 
then. identification of the gene for a protein in a DNA sequence results automatically in the 
know ledge of the protein sequence. The one fly in the omtment, however. is that DNA contains 
noncoding sequences. called iro, that serve regulatory functions. code for eertain types of 
RNA. or. in some cases, hase no known function. However, blochemists have karned how to 
produce DNA, called complementary DNA, or cDNA, in which the introns hase been excised. 
(We leave the details of this process for sour study of biochemistry.) The sequence ol a cDNA. 
then. contains all of the information necessary to read the sequence of a protein for which il 
codes. Almost all protein sequences are now determined by “translating” their CDNA codes. 

As part of the effort to sequence the DNA of the complete genomes of many different 
species tineluding humans: see Sec. 25.5B). databases ure being developed that show the 
protein-coding regions, When a researcher isolates an unknown protein. from one of these 
species, a partial sequence is in mans cases sutlieient to obtain a unique match to a DNA сос 
ing region. [rom which the entire sequence of the protein ean then be read. Standard computer 
software for matehing partial sequences lo eenomie DNA sequences ts available. This is one 
of the mans reasons for the ascendanes of peptide sequencing by MS-MS. Тури digestion 
af a protem followed by the viinafteneoess partial sequencing. without purification, of the 
peptide products is otten sufficient lo establish a cDNA match. trom which the sequence of the 
entire protein can then be determined, 


Posttranslational Modification of Proteins 


Once proteins are produced within a diving cell, the structures of many of them are modilied bs 
subsequent reactions; These reactions are galled collecuvels posttranslational modifications 
becuse they occur atter tremsderion—the bess anthesis of the protein itsel! More than 30 posl- 
transitional moditications hase been documented. The DNA-coding sequenee lor à; protein 
carries no informalien about ans posttrunskdional mediBearens that mht occur. Currently, 
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the only way to elucidate the posttranslational modifications of a protein is by studying the pro- 
tein itself, 

Many posttranslational modification reactions involve the chemical alteration of side-chain 
functional groups. By 2008, about 15 such alterations were known. These types of modtifica- 
tions serve many roles, They can provide unique structures so that the protein can be recognized 
by another molecule. They can serve as “molecular switches.” tuming on or off enzyme activ: 
Пу. They can control the lifetime of a protein within the cell, and they ean be involved in prv- 
tein trafficking -thal is. in directing u protein to the proper destination within z cell. In short. 
postiranslavional moditicalions increase the diversity of amino acid side chains available in In - 
ine systems. MS MS is widely used in studying these alterations; We can illustrate posttrans- 
lation modificanions with one of the most common types: рле phophoryiation, 

Proteins are phosphors lated most commonly on the side-chain oxygens of Tyr. Ser. or Thr. 
Phosphorylation occurs by the reaction of ATP (Eq. 25.58, p. 1247) with a protein that is gal- 
alyzed by an enzyme called à Kinase, An analysis of the human genome predicts the existence 
of more than 500 different kinases. For example. the phosphorylation of Ser proceeds as follows: 


| Mg 
| О n O 
ag | | | 
| | р 0—P-—-0-—pr —U0CIT, adenine — 2 protem serine 
CH —(.H.OH + | | | | EM - kinase 
i oO Y - 
NH i . 
| 
a serine residue ATP OH OH 
In a protein САЦ comples i 
| Mg 
| 97 O 
=o $ | | 
| | HO—P adeni 
| = -— de adenine 
CH QCILO—P-—OQ- + | | „бы qo 0 Qe4n) 
~ | = EM E 
a phosphoserine residue ADP OH ОП 
m a protein {Му complex i 


This reaction has an equilibrium constant &,, = 100 at pH — 7, the favorable K,, resulting 
from the anhydride character of ATP (see p. 1247). 

Dephosphory lations of phosphoserine. phosphotyrosine. or phosphothreanine occur by an 
enyvme-cutals zed reaction of the phosphorylated amino acid residue wath water. The enzymes 
that perform this function are called phosphatases; over 100 phosphatases occur in humans. 
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Figure 26.6 A diagram showing how phosphorylation of a serine residue can induce a conformational change 
in a protein. The gray strand represents the protein chain, and the green arrows show how the chain moves in the 
conformational change. Phosphorylation causes the change, and dephosphorylation reverses it. 


Phosphorylation in biology has several roles. One role is a regulatory function. Phosphory- 
lation imbues a neutral Ser, Tyr, or Thr residue with two negative charges. This charged state 
can result in а conformational change in the protein driven by the electrostatic and/or 
hydrogen-bonding interaction of the phosphate with a positively charged residue, such as a ly- 
sine or an arginine residue elsewhere in the protein, as shown schematically in Fig. 26.6. Such 
a deep-seated conformational change might, for example. result in the formation of a viable 
active site for the catalvsis of another reaction, or it might cause the phosphorylated protein to 
bind to a receptor, thus triggering a cellular signal. 


PROBLEMS | 


26.29 (a) Draw the structure of a phosphotyrosine residue. 
(b) Would the equilibrium constant for formation of a phosphotyrosine residue from ATP 
(by a reaction analogous to the one shown in Eq. 26.42) be greater than, less than, or 
about the same as K, for the phosphorylation of a serine residue? Explain. 
26.30 Draw the structure of a phosphothreonine residue that shows the configuration on the asym- 
metric carbons with lines and wedges. 


26.3] Explain why the Mg^* ion is essential in the reaction shown in Eq. 26.42. 
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HIGHER-ORDER STRUCTURES OF PROTEINS 


Just as the simple Lewis structure of a small molecule contains no information about its con- 
formation, the primary structure of a protein does not indicate how the molecule actually looks 
in three dimensions. The three-dimensional aspects of protein structure are described at three 
levels, which are called secondary structure, tertiary structure, and quaternary structure. 


A. Secondary Structure 


With few exceptions, all of the amide units in most peptides and proteins are planar. Recall 
that rotation about the carbonyI-nitrogen bond of most amides is relatively slow, and that the 
preferred conformation about this bond 15 Z (Sec. 21.2): the same is true for the amide bonds 
in a peptide or protein. 

The secondary structure of a peptide or protein describes the relative orientations of the 
planes of its peptide bonds. The possibilities are described by the two internal rotations shown 
in Fig. 26.7; these are the internal rotations about the single bonds to the e-carbon. Because а 
protein contains many such bonds, it might seem that a very large number of conformations 
could occur in a protein or large peptide. However, studies in the late 1940s and early 19505 
by Linus Pauling (1901—1994) and his co-workers (of the California Institute of Technology) 
showed that protein conformations are governed hy the hydrogen-bonding interactions of their 
backbone amide groups and the avoidance of van der Waals repulsions between the residue 
side chains. For this work (and earlier work on the nature of the chemical bond), Pauling re- 
ceived the 1954 Nobel Prize in Chemistry. (Pauling also received the 1962 Nobel Peace Prize.) 
Two major conformations, the a-fefix and the B-sheet, are very common in proteins; as we 
shall see, hydrogen bonding plays a key role in maintaining these conformations. Within pro- 
teins are also found some regions of disorder. called random сой. 

in the right-handed a-helix, shown in Fig. 26.8, the peptide chain adopts a conformation 
in which it turns in a clockwise manner along a helical axis. In this conformation, the side- 


H 


Figure 26.7 Typical dimensions of a peptide bond. The two planes are those of the adjacent amide groups, and 
the amino acid side chain is represented by R.In principle, rotations about the bonds to the a-carbons (marked 
with green arrows) are possible. 
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Figure 26.8 A peptide a-helix. (a) Hydrogen atoms are shown, and the side chains R are represented by green 
spheres. The side chains extend away from the helix on the outside. (b) Backbone atoms only, which form the 
u-hetix itself are shown. The typical a-helix has a pitch of 26°, а distance of 5.1 А between turns, and 3.6 residues 
per tur. 


chain groups are positioned on the outside of the helix. and the helix is stabilized hy Avdrogen 
bonds between the amide N—H of one residue and the carbonyl oxygen four residues further 
along the helix. The alpha (œ) terminology refers to a characteristic X-ray dilfraction pattern 
that was observed for certain proteins before chemists fully understood their structures. The a 
type of pattern was eventually shown to be associated with the right-handed helix—thus the 
name «a-helix. 

Another commonly occurring X-ray diffraction pattern, called a B pattern. was eventually 
found to be characteristic of a second peptide conformation, called f-structure or pleated 
sheet. [n this type of structure. a peptide chain adopts an open. zigzag conformation, and is en- 
gaged in hydrogen bonding with another peptide chain (or a different part of the same chain) in 
a similar conformation. The successive hydrogen-bonded chains can run (in the amino-termi- 
nal to carboxy-terminal sense) in the same direction (parallel pleated sheet) or. more com- 
monly, in opposite directions (antiparallel pleated sheet). The antiparallel pleated sheet struc- 
ture is shown in Fig. 26.9 on p. 1310. The name “pleated sheet" is derived from the pleated 
surface described by the aggregate of several hydrogen-bonded chains (Fig. 26.9b). Notice that 
the side-chain R-groups alternate between positions above and below the sheet. When two parts 
of the same peptide chain interact in a B-sheet, they are typically connected by a very short turn, 
called a -turn. 
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interchain hydrogen bonds 


(a) top view (b) pleated sheet 


Figure 26.9 The f7antiparallel pleated-sheet structure of proteins. The amino acid side chains are shown as 
green spheres. (а) A top view of the antiparallel peptide chains. Notice the hydrogen bonds between chains (red 
dotted lines}. (b) The imaginary pleated-sheet surface formed by the backbone atoms. 


Peptides and proteins can contain regions of local disorder. which are called random coil. 
As the name implies, peptides and proteins that adopt a random coil show no discernible pat- 
tern in their conformations. An apt analogy for the random coil is the appearance of a tangled 
ball of yarn after an hour's encounter with a playful house cat. 

Although other conformations are known in peptides, the a-helix and 6-sheet are the major 
ones. Some peptides and proteins exist entirely in one conformation. For example, the a-ker- 
atins, major proteins of hair and wool, exist in the a-helical conformation. In these proteins, 
several a-helices are coiled about one another to form "molecular ropes.” These structures have 
considerable physical strength. In contrast, silk fibroin, the fiher secreted by the silkworm. 
adopts the B-antiparalle] pleated sheet conformation. Despite these examples, proteins that 
contain a single type of conformation are relatively rare. Rather. most proteins consist of re- 
gions of a-helix and -sheet separated by short regions of random coil. 


Tertiary and Quaternary Structure 


The complete three-dimensional description of protein structure at the atomic level 15 called 
tertiary structure. The tertiary structures of proteins are determined hy X-ray crystallogra- 
phy: each crystallographic structure analysis requires significant effort. Nevertheless, since 
the first protein crystallographic structure was determined in 1960, hundreds of protein struc- 
tures have been elucidated, and more structures are continually appearing. 

The tertiary structure of any given protein is an aggregate of a-helix, S-sheet. random coil. 
and other structural elements. In recent years it has become evident that, in many proteins, cer- 
tain higher-order structural motifs are common. For example, à common motif is a bundle of 
four helices (called a four-helix bundle), each running approximately antiparallel to the next 
and separated by short turns in the peptide chain. Another common structural motif ts the 8- 
barrel, literally a bag consisting of S-sheets connected by short turns. Several such motifs can 
occur within a given protein, so that a protein might consist of several smaller. relatively or- 
dered structures connected by short turns. These ordered substructures are sometimes termed 
domains. 
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Figure 26.10 The three-dimensional structure of lysozyme from hens' eggs shown as a ribbon structure. The 
face of the ribbon shows the relative orientations of the planes of the peptide bond. Lysozyme contains regions 
of a-helix, B-sheet, and random coil. The two domains of lysozyme occur on either side of the plane indicated by 
the dashed line. (The primary structure of lysozyme is shown in Fig. 26.4.) 


A useful way to portray secondary structure as part of an overall protein structure is а rib- 
bon structure, illustrated for hen-egg lysozyme in Fig. 26.10. In a ribbon structure, the pep- 
tide backbone (Sec. 26.1 B. p. 1267) is portrayed as a ribbon. Recall from Sec. 26.9A that the 
amide bond is planar; that is, the carbonyl group, its attached N—H, and the two a-carbons 
attached to these groups lie in a common plane. The face of the ribbon defines the orientation 
of the planes of the peptide bonds. Twists and turns in the ribbon are defined by the two angles 
shown by arrows in Fig. 26.7. The ribbon structure of lysozyme clearly shows regions of a- 
helix and B-sheet. іп this structure, the two domains of the protein are also clearly discernible. 

In general, the tertiary structures of proteins are determined by the noncovalent interactions 
between groups within protein molecules, and between groups of the protein with the sur- 
rounding solvent, The following three general types of interactions are illustrated in Fig. 26.11 
on p. 1312: 


s hydrogen bonds 
s van der Waals attractions 
m electrostatic Interactions 


Recall that hydrogen bonds stabilize both a-helices and B-sheets (Figs. 26.8 and 26.9). All 
protein structures appear to contain many stable hydrogen bonds, not only within regions of 
a-helix or B-sheet, but also in other regions. Protein conformations are also stabilized in part 
by hydrogen bonding of certain exposed groups to solvent water. This type of interaction en- 
sures that exposed groups remain on the solvent interface of the protein. 

Van der Waals interactions, or dispersion forces, are the same interactions that provide the 
cohesive force in a liquid hydrocarbon (Sec. 2.64 and Fig. 2.8, p. 72) and can be regarded as 
examples of the "like-dissolves-like" phenomenon. For example, we know that benzene does 
not dissolve in water, but dissolves readily in hexane. [n the same sense, the benzene ring of a 
phenylalanine side chain energetically prefers to be near other aromatic or hydrocarbon side 
chains rather than the "waterlike" side chain of a serine, the charged, polar side chain of an ion- 
ized aspartic acid, or solvent water on the outside of a protein. (This does nor mean that aff 
phenylalanine residues are buried next to other hydrocarbonlike residues: it does mean, how- 
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Figure 26.11 The tertiary structures of proteins are maintained by disulfide bonds and by noncovalent forces: 
van der Waals attractions (hydrophobic bonds), hydrogen bonds, and electrostatic attractions and repulsions. 


ever, that phenylalanine residues, more often than not. will be found in hydrocarbonlike envi- 
ronments.) The van der Waals interactions of this type between hydrocarbonlike residues are 
sometimes called Avdrophobic bonds, because a hydrocarbon group energetically prefers asso- 
ciation with another hydrocarbon group to association with water. Residues such as the side 
chain of phenylalanine or isoleucine are sometimes called hvdrophobic residues. In contrast. 
polar residues, such as the carboxy groups of aspartic acid and glutamic acid. or the amino 
groups of lysine. are often found to interact with other polar residues or with the aqueous sol- 
vent. Such residues are sometimes called hydrophilic residues. 

Electrostatic interactions are noncovalent interactions between charged groups governed 
by the electrostatic law (Eg, 8.3. p. 339). A typical stabilizing electrostatic interaction 1s the 
attraction of a protonated, positively charged amino group and a nearby ionized, negatively 
charged carboxylate ion. An example of an electrostatic interaction was also shown in connec- 
tion with protein phosphorylation (Fig. 26.6, p. 1307). 

A protein adopts a tertiary structure in which favorable interactions are maximized and un- 
favorable interactions are minimized. Although there are exceptions, most water-soluble pro- 
teins are globular and compact rather than extended. For example, lysozyme (Fig. 26.10) is a 
globular protein. Globular, nearly spherical, shapes are a consequence of the fact that in pro- 
teins, as small a surface as possible is exposed to aqueous solvent. (A sphere is the geometrical 
object with the minimum surface-to- volume ratio.) The reason for minimizing the exposed 
surface is that the majority of the residues in most proteins are hydrophobic, and the interac- 
tion of hydrophobic side chains with solvent water is unfavorable. The conformations of pro- 
teins are probably as much a consequence of avoiding these unfavorable interactions with 
water as maximizing the favorable interactions of the amino acid residues with each other. In- 
deed, to a first approximation, water-soluble proteins are large “grease balls" (with a few 
charged or polar groups on their surfaces) floating about in aqueous solution. 


26.9 HIGHER-ORDER STRUCTURES OF PROTEINS 1313 


disulfide bonds 


^w 


". , s & M urea [ e 69. 
/ ( g т SH х Р и + 
l F Y (У 


ГО Uri 


$ and HSCH;CH:OH f sH (У, 3 
0 4 S ERES ы ox 
peptide chain Ё *" 


native conformation random coil 
(denatured, reduced protein? 


Figure 26.12 When a protein is denatured, its disulfide bonds are broken and it is converted entirely into a гап- 
dom coil. When the denaturing agents are removed, the protein renatures, 


Suppose we were to synthesize a protein. Would the finished protein automatically "know" 
what conformation to assume, or is some external agent required to direct the protein into its 
naturally occurring conformation? This question was first answered by two elegant experi- 
ments with the enzyme ribonuclease. First of all, synthetic ribonuclease was prepared by the 
solid-phase method and found to be an active enzyme. Because the enzyme must have its nat- 
ural. or native, conformation to he active. it follows that rihonuclease, once synthesized. spon- 
taneously folds into this conformation. 

The second type of experiment involved the denaturation and renaturation of ribonuclease. 
Denaturation is illustrated schematically in Fig. 26.12. When a protein is denatured, it ts con- 
verted entirely into а random-coil structure. (A common example of irreversible protein denat- 
uration occurs when an egg is fried; the denaturation and precipitation of the proteins in egg 
white are responsible for the change in appearance of the white as it is cooked.) Some proteins, 
including ribonuclease. can be denatured reversibly by chemical agents. Typically. a protein is 
denatured by breaking its disulfide bonds with thiols, such as DTT or 2-mercaptoethanol (Eq. 
26.37. p. 1298). and then by treating it with 8 M urea. detergents, or heat. Ribonuclease was de- 
natured by treatment with 2-mercaptoethanol and 8 M urea. After the urea was removed, and 
the cysteine —SH groups were allowed to reoxidize back to disulfides, the protein sponta- 
neously reassumed its original, or native, conformation. This process is called renaturation. 
This experiment showed that the amino acid sequence of ribonuclease specifies its conforma- 
Hon; that is, the native structure ts the most stable structure. I this were not so, another, more 
stable structure would have formed when the protein was allowed to refold after the urea was 
removed, 

This renaturation experiment (for which Christian В. Anfinsen (1916-1995) of the U.S. 
National Institutes of Health shared the 1972 Nobel Prize in Chemistry) indicates that proteins 
spontaneously assume their native conformations at the time of their biosynthesis. In other- 
words, primary structure dictates tertiary structure. 


In some cases. protein folding is assisted by other proteins called chaperones, It seems likely that 
these molecules speed the folding process by helping proteins to avoid conformalions other than the 
most stable ones. This is an active area of current research. 


Protein and peptide misfolding in living organisms can be pathogenic. For example. 
Alzheimer's disease is known to result from the aggregation in the brain of abnormally folded 
peptides called S-amyloids into plaques. (See the sidebar on p. 519) The mistolding of a 
neural protein, a-synuclein, occurs in Parkinson's disease. Mad cow disease (bovine spongi- 
form encephalopathy } and the related Creuzteldi—Sakob disease in humans also result from the 
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formation of protein plaques in the brain caused by infectious misfolded proteins called pri- 
ons that somehow gain entry into the brain. 


To summarize: 


. The noncovalent forces that determine conformation are: (a) hvdrogen bonds, (b) van 


2 


Proteins fold spontaneously into their native conformations. 


der Waals forces (hydrophobic bonds), and (c) electrostatic forces. 


. Most soluble proteins appear to be compact, globular structures. Although there are ex- 


ceptions, hydrocarbonlike amino acid residues tend to he found on the interior of a pro- 
tein. away from solvent water, and the polar residues tend to be on the exterior of a pro- 
tein. where they can form hydrogen bonds with water. 


some proteins are aggregates of other proteins. The best-known example of such proteins 
is hemoglobin, which transports oxygen in the bloodstream. Hemoglobin (Fig. 26.13) is an ag- 
gregate of four smaller proteins, or subunits, wo of one type (called œ subunits) and two of 
another (called B8 subunits). (This terminology has nothing to do with a- and 3-structure.) The 
a and § subunits are similar, but differ somewhat in their primary structures. These subunits 
are held together solely by noncovalent forces—hydrogen bonds, electrostatic interactions, 
and van der Waals interactions. Notice in Fig. 26.13 that the individual suhunits lie more or 
less at the vertices of a regular tetrahedron. This shape is the most compact arrangement that 
can be assumed by four objects. Many important proteins are aggregates of individual 
polypeptide subunits. In some proteins, the subunits are identical; in other cases, they are dif- 
ferent. The description of subunit arrangement in a protein is called quaternary structure. 


PROBLEM 
| PROBLEM | 26.32 What would you expect to happen when hemoglobin is treated with a denaturant such as 


8 M urea? Explain. 


heme . A 


— heme 


Figure 26.13 Thetertiary and quaternary structure of hemoglobin.The hydrogen atoms are not shown.The two 
a chains are shown in red and orange, and the two B chains are shown in blue and turquoise. The heme groups 
are shown in magenta as framework models. The subunits are located at the corners of a regular tetrahedron. 
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ENZYMES: BIOLOGICAL CATALYSTS 


A. The Catalytic Action of Enzymes 


Enzymes are the catalysts for biological reactions (Sec. 4.9C0. Although a few instances of bi- 
ologival catalysis by ribonucleic acids (RNA?) have been discovered. almost all enzymes are 
proteins. Throweh detailed studies of certain enzymes, chemists have come to understand 
some ol the reasons why these proteins are efficient catalysts. 

To illustrate enzyme catalysis. let's consider the mechanism by which the enzyme (mypsén 
catalyzes the hydrolysis of peptide bonds. Trs psin is the mammalian digestive enzyme used in 
the sequencing of proteins (Sec. 26.7В Y. With a molecular weight of about 24.000. trypsin 15 
an enzyme ol modest size. [bis a globular protein containing three poh peptide chains held to- 
gether hy disullide bonds. The following comparison provides some idea of the catalvtie el- 
fectiveness of trypsin. Peptides in the presence of trypsin are гару hydrolyzed at АЎ 7€ and 
pH = #8. [n the absence of rypsin, peptide hy droly sis under the same conditions requires hun- 
dreds of years. As we learned in Sec. 26.7 A. to hydrolyze proteins at a reasonable rate requires 
boiling them in 6 M НС] for several hours. Moreover. trypsin. in contrast to hat HCI solution. 
does not catalyze hydrolysis at just eny peptide bonds. ft is specific for hydrolysis ot the pep- 
tide bonds at Ivsine and arginine residues t Eq. 26.27). These two aspects of trypsin eatulysis— 
catalvtic efficiency and specificity are characteristic of catalysts hy all enzymes. Understand- 
ing these phenomena is the basis for understanding enzyme catalysis in general. 

If an enzyme catalyzes a reaction of a certain compound, the compound is said to be a sub- 
strate for the enzyme. Enzymes act on their substrates in at least three slaves. shown schemat- 
rally in the lollowing equation. 


Е + К ан FS ж” FP wm b + P (26.441 
enzyme substrate noneevalent nancavalent engine product 
enzvme-substrate — enzvme-produ«ct 
complex complex 


First. the substrate binds to the enzyme in a noncovalent enzyme-substrate complex. The 
binding eccurs at a part of the enzyme called the active site. Within the active site are groups 
that attraer the substrate by interacting faverably with it. The noncovalent interactions that 
cause a substrate lo bind to an enzyme are typically the same ones that stabilize protem contor- 
mations: electrostatic interactions, hydrogen bonding, and van der Waals interactions, or hy- 
drophobic bonds. 

in the second stage of enzyme catalysis, the enzyme promotes the appropriate chemical re- 
actionts ren the bound substrate to give an enzyme-preduct complex, The necessary chemical 
transformalions arc brought about hy groups m the active site of the enzyme. [n most en- 
zymes. these groups are particular amino ис side chains of the enzyme itself. However. In 
some cases, other molecules, called coenzymes, are also required. (Examples of coenzs mes 
are NAD? (See. 10,73 and pyridoxal phosphate (Sec. 25.4E). Most vitamins are coenzymes.) 

In the last stage of enzyme eatalysis, the product(s) depart from the active site, leaving the 
enzyme ready to repeal the process on a new substrate molecule. 

Enzymes are true catalysts: their concentrations are typically much lower than the concen- 
trations of their substrates, Thes do not affect the equilibrium constants of the reactions thes 
vatalyze. They catalyze equally both forward and reverse reactions of an equilibrium. 

Lets see how the trypsin-culalyzed hydrolysis of peptide bonds fits this general picture of 
enzyme catalysis, The active site of trypsin consists of a cavity, or “pocket.” that ust ассот- 
modates the amino acid side chain of a lysine or arginine residue from the substrate. Several 
hydrophobic residues line this cavity, At the bottom of the cavity is the side-chain carboxyile 
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acid group o£ an aspartie acid residue Asp- 189 in the prs psim sequence) This group is ton 
ved. and therefore negativehy charged, at neutral pH. The amino group ed a lysine side chain 
and the guanidine group of an arginine side chain are both protonated. and therefore pesitivefy 
Charged. at neutral pH. The favorable eleetrostautie attraction. berw een the ionized Asp- 189 
«de cham of the enzyme and the positively charged side chain of the substrate helps stabilize 
the enzyme substrate complex. This comples is alse stabilized bs the san der Waals interac- 
trans between the —CH.— groups of the substrate side chain and the hydrophobic residues 
that [ine the cavity, These. then. are some of the reasons for the specificity of wsgsin; The ac- 
tive site Just "his the substrate (and vice versa). and it contiins groups that are noneos alentily 
attracted to ereups on the substrate. 

Near the mouth of the active site are to amino acid residues that serve a critical eatalvtie 
Iunetion? a serine CSser- 95) amd a histidine t1Eas-573. The way that these residues act to cut- 
alvze peptide bond hsdrols sis at an Arg residue is shown in Fig. 26.14. The — OH group of 
the serine side chain acts as a nucleophile to displace the peptide leaving group from the car- 
bons] group of the substrate. The resulting: product is an остео in this transient cos a- 
lent comples. the residual peptide substrate is actually esterified to the enzs me. The imidazole 
eroup of hisidine-57 serves as à base catalyst to remove the proton from the nucleophilic ser- 
ine hydroxy group. When water enters the active site, it too is deprotonated bs the histidine as 
It reacts as a nucleophile at the carbons | carbon of the aeyl-enzyme. to eive the free carboxy 
group of the substrate and thus regenerate the enzyme. After the product leaves the active site, 
the enzyme is reads lor a new substrate molecule. 

The catalytic efficiency of trypsin. as well as Urat of other enzy mes. is attributable mostls to 
the praventy effect (Sec. ТУВ That is, all of the necessary reactive groups—the substrate 
carbonyl. a nueleophile (the serne OL group) and an acid-base catalyse (the imidazole of 
(he histidine —are positioned in. proximity within the enzy me-substrate. complex. These 


eroups do not have to "imd" one another by random collision, as they would if thes were ail 
free in solution, (See the sidebar. "Enzy mes as Entropy- Reduction Machines.” on p. 515.) The 
reactions shown in Fig. 26.14 are not particularly unusual: enzs me-catals zed transformations 
п close analogs in common organie reactions, As this example shows. understanding the 
chemistry of life does not require the idea of a "vital foree^ prevalent in Wohler's das: ibis sum- 
pls good organie chemistry. The rationality of this chemistry. (hough. makes it no less remark- 
able and elegant. 

We сап now see conceptually why most enzyme-catals zed reactions are stereoselective 
that is. Wha an enzyme catalyzes the reaction of on] one enantiomer of a chiral substrate (see. 
for example, Eq. 26.17. p. 1282. Because enzymes are poly mers of 1 -mmino acids; енге 
ure enmantiemertealiy pure chiral тесе, Each enzs me occurs naturally in only one enan- 
Homeri form. When an enzyme reacts with its substrate. ihe enzyme substrate complex is 
farmed. The enzy me-substrate complex deris ed from the eimiomer ol the substrate is the di- 
asiercomer ol the eomplex formed from the substrate itself. 
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Figure 26.14 A stylized representation of the trypsin active site showing the mechanism of the trypsin-catalyzed 
hydrolysis of an arginyl-peptide bond, beginning with the enzyme-substrate complex and ending with the en- 
zyme-product complex. The imidazole in the side chain of the His-57 residue acts alternately as a base and, in its pro- 
tonated form, as an acid to bring about the necessary proton transfers. Pep" and Pep* denote the amino-terminal 
and carboxy-terminal parts of the peptide substrate, respectively. 
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STUDY GUIDE LINK 26.2 
An All-p-Enzyme 


Because the two complexes are diastereomers. they have dilferent energies. and one is more 
«table—in many cases. nich more stable—than the other. For the same reason. the rates at 
which these complexes are converted into products also differ. This is an important example 
of the differentiation ef enantiomer by a chiral reagent (Sec. 7.7 A). In fact. most enzymes do 
not eatalvze reactions involving the enantiomers of their natural substrates to any significant 
extent. Putting a substrate enantiomer into the chiral active site ts like putting a right hand inte 
а left-handed glove: it simply doesn't fit! 

If scientists understand the detalls of enzyme catalysis. they should he able ta design and 
synthesize artificial enzymes that bind specific compounds and act on them eatalytically and 
stereospecificalls. Success in this endeavor would yield an arsenal of rationaily designed mol- 
ecules that could catalyze industriahy important transformations under mild. environmentally 
тела conditions, General success in this sort of activity is yet lo be realized, and research 
In rational catalyst design is pursued by a number of chemists, However. there is some 
progress, The asymmetrie epoxidation catalyst (Sec. [1.10 and the transition-metal catalysts 
Гог aryl and vinylic substitution reactions (See. 18.6. 18. 10B, and 23.1 1C) bring about the as- 
sembhlx of reactants on metal “lemplates” that results in reactions that are impossible in the ah- 
sence of the catalysts, Along the sume lines; chemists and biochemists are beginning to learn 
how to eustom-design protein enzymes hy altering known enzymes so as to change their 
speciticities in predictable wavs. Such “designer enzymes” can then be produced by synthe- 
sizing their genes and inserting them into the genomes of bacteria. which then become minia- 
ture "protein factories” when they are grown in the laboratory. 


Enzymes as Drug Targets: Enzyme Inhibition 


Suppose an enzyme is known to be an essential factor in the development of a certain disease 
stale, By "knocking out” the enzyme (that is. by preventing it from catalyzing a reaction). we 
could prevent the disease. This strategy lies at the heart of drug development. One way 10 in- 
activate an enzyme is lo treat it with an ано, An inhibitor is a compound that prevents an 
enzyme from fulfilling its catalytic role. The most common inhibitors are competitive їп- 
hibitors. ^ compound is a competitive inhibitor when i binds to the enzymc's active site so 
tightiv that the enzyme сап no longer bind its usual substrate. Because substrate binding must 
precede catalysis (Eg. 26.44). prevention of binding results in the loss of catalysis, 

Consider two impressive examples of enzyme inhibition. The human immunodeficiency 
virus (НІМ. the virus responsible for АН) requires several unique enzymes for its replication 
and cellular infection: these enzymes have been used as drug targets. The anti- AIDS drug AZT 
and the HIV-protease inhibitors are bo classes of anti- AIDS drug whose effectiveness ts based 
on enzyme inhibition. (We'll examine a protease inhibitor in more detail below.) Another ex- 
ample is the famiy of the modern cholesterol-lowertng drugs. These drugs act by inhihiting an 
important enzyme (HMG-CoA reductase) in the biochemical pathway by which cholesterol ts 
svilhesived in the body. (Not all drug targets are enzymes: other proteins. RNA, and even DNA 
сап serse as drug targets. Nevertheless, enzyme drug targets are fairly common.) 

Let's consider enzyme inhibition by starting with a simple vase: the enzyme trypsin. Trypsin 
isn't involved in a disease state, but ns inhibition provides a nice example in which the molec- 
ular basis for inhibition is particularly clear. Recal] from Sec. 26.104 that trypsin specilicity is 
based on a Aivdrephobíc pocket containing an ionized carboxy group (Asp- 189). Trypsin acts 
mostly on peptide bonds adjacent to Arg and Lys residues; these residues both have positis els 
charged groups at the end of nydrocarbon side chains, Jt seems likely that a compound that has 
some or all of these same features. namely. u hydrocarbon group of appropriate size und a pos- 
lively charged group attached to tt, might be an inhibitor of trypsin, The idea is that if the in- 
hibitor binds tightly enough. it should clog the active site and make the active site inaccessible 
[o substrate. 
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Many such inhibitors for trypsin are known. One is the benzamidinium ion. 


hydrocarbon group the positively charged 
group resembles the 
Ni NH —— lguanklino group in 
f pH 74 arginine | 
[1,07 + e. GI = EN + HO (26.46) 
NH NH. 
benzamidine benzamidinium ion 


(p&, = 11.6) 


(This cation, the conjugate acid of benzamidine, has a pK, value of 11.6. and is thus fully pro- 
tonated at the physiological pH of 7.4.) In the presence of 107° M benzamidine at pH 7.4, 
trypsin is inactive as a catalyst because the benzamidinium ion binds to the active site of 
trypsin, thus blocking access of substrates to the active site. A model of trypsin containing a 
bound benzamidinium ion is shown in Fig. 26.15a. (This model comes trom X-ray erystallog- 
raphy.) The benzamidinium Jon is "stuck" in the active site like a counterfeit coin stuck in the 
slot of a vending machine. Fig. 26.15b shows that the benzamidinium ion binds just as we 
would expect. The positively charged group of the cation is very near the ionized, and there- 


Pep“ о HN 
C — (aa Y Tag "JL. 
|. К: / 4 
Рер^ U Н.К 
ASp gg residue benzamidinium ion 


benzamidinium ion 


(а) ib} 


Figure 26.15 The trypsin-benzamidinium ion complex. (a) A space-filling model of trypsin with the bound 
benzamidinium ion shown in magenta. (Hydrogen atoms are not shown.) (b) А detailed diagram of the active 
site, showing the crucial Asp-189 and its spatial relationship to the positively charged group of the 
benzamidinium ion. 
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fore anionic. side chain curbows lic acid eroup af Asp- 89, The benzamidinium jon is also 
probably imelved in significant hydrogen bonding with the carboxylate ion as well. 

The modern design of enzyme inliibiturs as drugs can be illustrated with inhibitors for the 
HIV protease. one of the enzymes of human mmunodelicieaes virus CHIV i involved in the 
virus replication and infectious aetiy its; Belore the туа structure of ibis enzyme wis 
known. chemists had recognized that this enzyme resembled the digestive ena me pepsin tn 
its mechanism of action. Both pepsin and the HPV protease catal ze peptide hydrolysis by a 
mechanism mvolving the side-chain carboxylic acid groups of (yo aetive-site Asp residues 
and a tighily bound water molecule (see Problem 26.343. (The enzyme groups are shown in 
blue.) 


į) 
al 
L) Asp 
ү H 
s () (} 
Мы. 
з 0 [2 
Pep > м, МИС —JjIIPep. (15471 
BJ R? 
O A 
| — * | 
" H H —-— à water molecule in 


the active site 


(The enzymes imn this protease Family are called лр proteases tor this reason.) А number 
of pepsin inhibitors were known, and these compounds were abo found to be inhibitors of 
HIV protease. These would not make good drugs. however because, ideally. a suitable drug 
Мой diseriminate between the enzyme we want to inhibit —HIV. protease — and enzymes 
such as pepsin. whose functions we do nol want to compromise. 

The determination of the X-ray crystal structure of the НГУ protease was а легу important 
des elopiment m the design of inhihitors. Figure 26. 16a shows the HIY protease structure, 

The active site of HIV protease was easily identified by the presenee of the two active-site 
Asp residues and the bound water. (The active site is exactly where iwas expected within 
the large "hole" in the enzyme structure.) [Inhibitors tor ALY protease were designed by rre- 
ecular modeling, Molecular modeling is conceptually like building models with model sets, 
With two important exceptions, First, it is done on a computer, so that reaffv large molecules 
Such as proteins сап be handled easily and sophisticated graphies tools can һе emplos ed; and 
second. the interaction energies between molecules (or between groups within molecules! eun 
he ealeulated. These capabilities enable chemists to determine which inhibitors are likely to 
bind strongly lo the enzs me. Inhibitors bind to the HEY protease principally by an extensive 
network of hydrogen-bonding interactions. as well as by van der Waals attractions between 
nonpolar groups. 1 ^n electrostatic interaction like the one in trypsin is not present.) The best 
inhibitors have hydrogen-bonding sites that “mate” well with the corresponding sites on the 
protease and have nonpolar groups of appropriate size that interact well with similar groups 
on the enzyme, Molecular modeling studies sugested some possible unique structures for in- 
hibitors; Organic chemists then prepared compounds with those and related structures, anl 
they were tested as inhibitors. Crystallographers in some cases examined the complexes ot 
these inhibitors with the protease to see whether the predictions of molecular modeling were 
correct: as а result of this work. rebned inhibitor structures were proposed. Eventually. 
through the collaboration of ensstallographers. molecular modelers. organie chemists. and 
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ribbon structures: 


the inhibitor is bound | 
_in the active site 


(а) (b) 


Figure 25.16 ia) The HIV protease. (Hydrogen atoms are not shown.) (b) The HIV protease containing an in- 
hibitor (Norvir) bound to the active site. The carbons of the inhibitor are shown in magenta. Compare the ribbon 
structures in parts (a) and (b). Notice in the ribbon structures haw the "arms" at the base of the protease come to- 
gether around the inhibitor. 


biologists, satisfactory inhibitors were developed. Ritonavir (Norvir) and Indinavir (Crixivan) 
are HIV-protease inhibitors that evolved from such studies. Today these compounds are ac- 
tively used as anti-HIV drugs. 


О 

| H QU. | 
ls X" WU OC die : 
Ж. de CT uM H a 

! OH 
S CH О Ph N 
Norvir 
ЖС Чү он y; Q 9н 


Crixivan 
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These compounds form very strong noncovalent complexes with the HIV protease. For exam- 
ple. the dissociation constant for the complex of Norvir with the protease is 15 x 107 M. This 
Is a very strong binding! The complex of Norvir with the HEY protease is shown in Fig. 26. 1 6b, 
In comparing the HIV protease with and without inhibitor. notice how the "arms" of the pro- 
tease at the base ol the structure come together when the inhibitor ts bound. (This has been 
called a "fireman s grip.) This is a nice demonstration of the more general observation that 
most proteins are not statio when they interact with small molecules; their structures change. 
This phenomenon his been called әнисе fit. 

The strong binding of an inhibitor is a necessary but insufficient condition for it to be an ef- 
fective drug. A good drug must also be nontoxic. It must not be metabolized (destroyed by the 
bady ) at too great a rate. 1t must have just the right water solubility. It must penetrate the ap- 
propriate tissues (that ts. it must be Pieavartable). Considerations such as these were very im- 
portant in developing the lina] drugs, and a number of candidate compounds with excellent 
binding properties were tested before the final candidates were chosen. These and other HIV- 
protease drugs have led 10 a dramatic improvement in the life expectancy of patients with HEV 
infections. This case illustrates how organic chemistry, when teamed with arcas of the life sei- 
ences, can be used for the improvement of human health. 


Salen 26.33 Aeruginosin-B is a recently discovered natural product that inhibits trypsin. 


aeruginosin-B 


Postularte one structural reason that aeruginosin-B binds to trypsin. Explain, 


26.34 Equation 26.47 shows the first step in the curved-arrow mechanism of peptide hydrolysis 
catalyzed by the HIY protease. Complete the mechanism, using the two aspartic acid residues 
as catalytic groups. 

26.35 The scientists who developed Norvir stated that one of the signihcant interactions of the in- 
hibitor with the enzyme is hydrogen bonding of a thiazole nitrogen (the thiazale on the 
right side of the structure on p. 1321) with a backbone N—H of a nearby peptide bond on 
the enzyme. Draw a thiazole such as the one in Norvir and, using il, show such а hydrogen- 
bonding interaction. 


26.36 Show all of the potential hydrogen-bonding sites of Crixivan; explain whether they are ac- 
ceptor or donor sites, 
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Amino acids are compounds that contain both an 
amino group and a carboxylic acid group. Peptides 
and proteins are polymers of the a-amino acids. 


The common naturally occurring chiral amino acids 
have the 1 configuration, which is the same as the 5 
configuration for all amino acids except cysteine. 


Amino acids, as well as peptides that contain both 
acidic and basic side-chain groups, exist at neutral pH 
as zwitterions. 


The charge on a peptide can be deduced from a 
knowledge of its isoelectric point relative to the pH of 
the solution. For example, a peptide with an isoelec- 
tric point >>7 is positively charged at pH 7. 


Common methods for the synthesis of a-amino acids 
include the alkylation of ammonia with e-halo acids, 
alkylation of acetamidomalonate esters followed by hy- 
drolysis and decarboxylation, and the Strecker synthesis, 


Amino acids react both as amines and carboxylic 
acids. Thus, the amino group can be acylated, and the 
carboxylic acid group can be esterified. 


The amide bonds of proteins and peptides can be hy- 
drolyzed by heating them for several hours in 6 N HCI 
or 6 N NaOH solution. The constituent a-amino acids 
are formed. In amino acid analysis, the amino acids (or 
their derivatives) are separated by chromatography 
and quantified. In this way, the relative amount of each 
amino acid in the peptide or protein is determined. 


Peptide synthesis strategically involves attachment of 
amino acids one at a time to a peptide chain begin- 
ning at the carboxy terminus. Amino-protecting 
groups such as the Fmoc group must be used to pre- 
vent competing reactions.In solid-phase peptide syn- 
thesis, an amino-protected amino acid is covalently 
attached to an insoluble resin; the protecting group is 
removed; an amino-protected amino acid is attached 
using DCC/NHS; the new peptide is deprotected; and 
the cycle is continued. At the conclusion of the syn- 
thesis, the peptide is removed from the resin with tri- 
fluoroacetic acid. 


Specific hydrolysis reactions catalyzed by enzymes 
are important in determining the primary structures 
of proteins. Peptides and proteins undergo trypsin- 


catalyzed hydrolysis at the carbonyl group of arginine 
and lysine residues. Chymotrypsin catalyzes the hy- 
drolysis of peptides at hydrophobic residues such as 
Phe, Tyr, Trp, and occasionally Leu and lle. 


The primary structure of a peptide or protein includes 
its amino-acid sequence and the location of its disul- 
fide bonds. Peptides and proteins can be sequenced 
by MS-MS and by the Edman degradation. 


In MS-MS sequencing, ће M + 1 ions of a peptide un- 
dergo fragmentation at the peptide bonds. In many 
cases, the sequence can be read directly from the 
mass differences of the fragment peaks. 


In the Edman degradation, a peptide is treated with 
phenyl isothiocyanate followed by acid. Each cycle of 
this degradation yields a phenylthiohydantoin (PTH) 
derivative of the amino-terminal amino acid plus a 
peptide that is one residue shorter, which is then sub- 
jected to the same procedure. 


Posttransiational modifications of proteins are chemi- 
cal alterations that occur following its biosynthesis, 
such as the phosphorylations of serine, tyrosine, or 
threonine residues. Posttranslational modifications 
have a variety of biological functions. 


The higher-order structure of proteins includes sec- 
ondary, tertiary, and quaternary structure. The sec- 
ondary structure of a protein is a description of the rel- 
ative orientations of the planes of its peptide bonds. 
Common types of secondary structure are the a-helix 
and the B-sheet. Proteins are aggregates of localized 
regions of these primary structures connected by re- 
gions of random coil. The secondary structure of a 
protein can be conveyed with a ribbon structure. 


The tertiary structure of a protein is a complete de- 
scription of its three-dimensional structure. The qua- 
ternary structure of a protein is the manner in which 
the subunits of the protein aggregate to form larger 
structures. The noncovalent forces that determine the 
three-dimensional structure of a protein include hy- 
drogen bonds, van der Waals attractions, and electro- 
static interactions. Interactions with solvent water are 
as important as interactions within the protein itself 
for determining the three-dimensional structure of a 
water-soluble protein. 
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ш Thequaternary structure of a protein is the manner in 


which the subunits of the protein aggregate to form 
larger structures. 


Protein secondary, tertiary, and quaternary structures 
are disrupted when the protein is denatured by heat 
or by treatment with thiols, such as DTT, and 8 M 
aqueous urea. 


Enzymes are highly specific and efficient biological 


catalysts, A substrate is bound noncovalently at the 
enzyme active site before it is converted into products. 
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ш A compound that binds tightly to an enzyme active 


site is called a competitive inhibitor. Competitive in- 
hibitors block the access of substrates to the enzyme 
active site. The development of competitive inhibitors 
is an important basis of drug design. The anti-HIV 
drugs constitute one example of drugs based on the 
concept of competitive inhibition. 


For a summary of reactions discussed in this chapter, see Section К, Chapter 26, in the Study 


ADDITIONAL PROBLEMS 


26.37 Give the structures of the products expected when (1) 


valine and (2) proline (or other compounds indicated |} 

react with each of the following reagents: 

(a) ethanol (solvent), H.SO, catalyst 

(b) benzoyl chloride, Et; N 

(c) aqueous НСІ solution 

(d) aqueous NaOH solution 

(е) benzaldehyde, heat, NaCN 

(f) Fmoc-NHS ester, Na.CO,. aqueous 1.2- 
dimethox vethane, then neutralize with Н.О 

(2) product of part (£/) + DCC/NHS + glycine rert- 
butyl ester 

(hi product of part (e) + anhydrous CF ,CO,H 

(1) product of part (h) + 20% piperidine in DMF 

t p product of part (i) + 6 M aqueous НСІ, heal 


26.38 Referring to Table 26.1. pp. 1268-1269, identity 


the amino acid(s) that satisfy each of the following 

criteria. 

(a) the most acidic amino acid 

tb) the most basic amino acid 

(€! the amino acids that can exist as diastereomers 

(d) the amino acid that has zero optical rotation under 
all conditions 

ie) the amino acids that are converted into other amino 
acids on treatment with concentrated hot aqueous 
NaOH solution followed by neutralization. 


26.39 In repeated attempts to synthesize the dipeptide Yal- 


Leu, aspiring peptide chemist Polly Stvreen performs 


each of the following operations. Explain what, if anv- 

thing, is wrong with each procedure. 

(a! The cesium salt of leucine is allowed to react with 
chloromethyl resin (as in Eq. 26.22, p. 1285). The 
resulting derivative 15 treated with Frnoc- Val and 
DCC/NHS. then with trifluoroacetic acid. 

th) The cesium salt of Fmoc-Leu is allowed to react 
with the chloromethyl resin. The resulting deriva- 
live ts then treated with Fmoc- Val and DCC/NHS. 
then with trifluoroacetic acid. 


26.40 According to its amino acid composition (Fig. 26.4. 


р. 1297), lysozyme has an isoelectric point that is 
(choose one and explain): 
(1) <<6 (2)about6 (3) 226 


26.4] Which of the following statements would correctly de- 


scribe the isoelectric point of cvsreic acid, an oxidation 


product of cysteine? Explain your answer. 
QO 


+ 
HAN — CH — C — OH 


cysteic acid 


CE lower than that of aspartic acid 


(2) about the same as that of aspartic acid 


26.42 


26.44 


(3) about the same as thal of cysteine 
(4) about the sume as that of lysine 
(5) higher than that of lysine 


A peptide was subjected to one cycle of the Edman 


degradation, and the following compound was obtained. 


What is the amino-terminal residue of the peptide? 


Q 
Ph. d © 
NUT CX | 
| ‚ин aS нны 
5—2 Е: 


Dansvl chloride (5-dimethylammo- | -naphthalenesul- 
fonyl chloride) reacts with amino groups to give a 
fluorescent derivative. After a peptide P with the 
composition (Arg, Asp.Gly,Leu,,Thr, Ма!) reacts with 
dansy! chloride al pH 9, it is hydrolyzed in 6 M 
aqueous HCI. The derivative shown in the equation 
given in Fig. P26.43. detected by its fluorescence, 15 
isolated after neutralization. along with the free amino 
acids Arg, Asp. Gly, Leu, and Thr. What conclusion 
can be drawn about the structure of tbe peptide from 


this result? 


A peptide Q has the following composition hy amino 
acid analysis; 

Q: Ala,Arg,Asp,Gly,,Glu,Leu, Val, NH, 
Treatment of Q once with the Edman reagent followed 
һу anhydrous acid gives a new peptide А with the fol- 
lawing composition by amino acid analysis: 


А: Ala,Arg.Asp,Gly.,,Glu, Val, NH, 


R 


26,45 


26.46 
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Treatment of Q and К with the enzyme 
dipeptidviaminopeptidase (DPAP) yields a mixture of 
the following peptides: 


Ча Arg-Gly, Gln-Ala, Leu- Val, Val-Asp, Gly 


— P Ala-Gly, Asp-Gln, Gly-Val, Val-Arg 


What is the amino acid sequence of Q? 


The peptide hormone glucagon has the following 
amino acid sequence: 


His-Ser-Gln-Gly- Thr-Phe-Thr-Ser-Asp-Tyr-Ser- 
Lys- Tvr- Leu- Asp-Ser-Arg-Arg-Ala-Gln-Asp- 
Phe- Val-Gln-Trp-Leu-Met-Asn-Thr 


Give the products that would be obtained when this 
protein is treated with 

(a) trypsin at pH 8 

(bi Ph—N—C-—5. then CF,CO.H, then aqueous acid 


A peptide C was found to have a molecular mass of 
about 1100. Amino acid analysis of C revealed its 
composition to be (Ala,.Arg,Gly lle}. The peptide was 
unchanged on treatment with the Edman reagent. then 
CF,CO.H. Treatment of C with trypsin gave a single 
peptide D with an amino acid analysis identical to that 
of C. Three cycles of the Edman degradation applied 
ta D revealed the partial sequence Ala-Ile-Gly. 
(a) Suggesl a structure for peptide C and explain how 
you arrived at that structure, 
(b) Describe what you would expect to see for the 
b-type fragmentation of the M + 1 ion of both 
peptide C and D in MS-MS. 


H«C. CH, 


lA M HC! 


dd : pH 4 
| + peptide P ———» 
+. 
G е Сг == 
Cl 
dansyl chloride 


Figure P26.43 


Н, heat 
2) neutralize 


Н.С 
“м 


i 


CH, 


+ Arg. Asp, Giy, Leu, Thr 
| free amino acids? 


()—5-—O O 


NH—CH—C—0O07 


t fluorescent! 
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26.47 When bovine insulin is treated with the Edman reagent 
followed by anhydrous CE;COLH., then by aqueous 
acid, the PTH derivatives of Poth glycine and pheny- 
laning are obtained in nearly equal amounts, What 
can be deduced about the structure of insulin from this 
information? 

26.48. An amino acid A. isolated from the acid-cataly zed hy- 

drolysis of a peptide anibiotic, gave a positive test 

with ninhydrin and had a specific optical rotation (HC| 
solutions of 37.5? mL eo! dm !. Compound 4 was 

not identical to any of the amino acids m Table 26.1. 

pp. 1268-1269. The isoeleciric point of compound А 

was found to be 9.4, Compound А could be prepared 

bs the reaction of 1-glutamine with Br; in NaOH. 
followed by neutralization. (Sec See. 73.111.) Suggest 

а structure for А. 

26.49 А previously unknown amino acid. y-carbox y glutamic 

acid (Glu) was discovered to be a posttranshitional 

modification in the amine acid sequence of the blood- 
ciotting protein prothrombin. 


+ 
На СНС 


CI. 


| 


| OM 


"ОС COF 


y-catboxyglutamic acid (Glat 
This amino acid escaped delecuon for many years Pe- 


cause, on acid hydrolysis. it i8 converted into another 
commen amino acid. Explain. 


26.50 (а What reagent would he used to convert the come- 
sponding chloromethyl pals styrene resin into the 


lallowing resin? 
(hs -UH— 
1 
"d 
ас 


+ = 


ibi To a column containing this resin suspended im а 
pH 6 buffer is added a mixture of the amino acids 
Ars. Glu. and Leu, and the column 15 eluted with 
the same buffer. In what order will ihe amino acids 
emerge from ihe column? Explain. 
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26.5] 


26.52 


35,33 


26.54 


In paper electrophoresis, amino acids and peptides can 
he separated by their differential migration in an elec- 
tric feld. To the center of a strip of paper is applied a 
mixture of ihe Follow mme three peptides in a single 
small spot; Gly-LDs s; Gh Asp, aml Giy-Ala. The paper 
s soaked in a pH — 6 buffer, a positively charged elec- 
trode (anode bis attached to the lett side of the paper. 
and a negzaurvely charged electrode беасо) is 
attached to the right side. A voltage is applied across 
the ends ot the paper tor a time. after which the 
peptides have «separated into three spots: one near the 
cathode, one near the anode. and ong in the center, at 
the location od the original spot, Which peptide ts in 


cach spot? Explain. 


When a mixture ot the amino acids Phe and Cis is 
subjected ta chromatography in à pH 6 buffer on the 
lon-exeiiange resin shown in Eq. 26:10 on p. 1277, the 
Phe emerges from the column much [ater than the Gls, 
even though the to ammo acids have the same jsn- 


electric point; Explain. 


Suppose a mixture ot AQGC- ammo acids is subjected to 
HPLC on a stationary phase that consists ol CR-«liea 
rather than Cls-silica: that is; te glass stationary 
phase (Eq. 26.34. p. | 293) contains covalently 
attached octy] eroups rather than octadecyl groups. 
Assuming all other conditions are the same, how 
would this change affevt the separation ol the AGC- 


amino acids? Explain. 


Explain each of the following obsers ations. 

йд The optical rotations of alanine are different in 
waler LAF ACL. and ТМ NaOH. 

(he Two mone-N-acetyd derivatives ОР епо are 
Кизү). 

(ct The peptide Gly -Ala-Arg-Ala-Glu is readily 
hydrolyzed by trypsin in water at pH — S. but it 
is iieri to rypsin in 8 M urea at the «same pH, 

(a) After peptides containing cysteine are treated with 
HSCH.CH.OH. tien with aziridine, they can Be 
cleaved by in psin at their i modthied) os Steine 


residues. 
AH 
А 
H.C—CH; 


aziridine 


"6.55 


26,56 


6.57 


26.58 


ie) When 1 nethienine is oxidized wath Н.С, sve 
separable methionine sulfoxides with the following 


slructure are йите; 
t ET 1 
HN — CH —£6O0: 


CH.CH;—8— CH, 


i} 


(a) When proteins are prepared Гог sequencing. they 
are treated with DTT (Eg. 26.37. p. 12981 and then 

CO, 

at pH — 8-9. Explain how iedoacetie acid reacts 


with an excess of iodoacetie acid, L 7CTI- 


with the side-chain thie! group of a cysteme 
residue, and wha this reaction is à necessary pre- 
lude ta sequencing. 

ibi Another reaction that accomplishes the same ub- 
jective is oxidation of the disulfide bonds with 


Н.О... What is the product of this oxidatton? 


One posttranslational stde-vhain modification of pro- 
teins Is the methylation of аура acid residues to 
give a side-chain Asp-methi] ester. Dras the structure 
af this residue. and indicate what coenzyme !s in- 


volved in this reaction. Apr: See Sec. 11.63.) 


Sometimes preparations of chymotrypsin are утат = 
nated with small amounts of Irpin, This can be à 
problem if the speeilie hydrolysis of peptides with еу 
chymotrypsin is desired. How could trypsin-catalyzed 
hydrolysis with this chymotrrypsin-trypsin mixture pe 


avoided without having lo separate the two enzs mes? 


Sometimes iis necessary m solid-phase peptide syn- 
thesis lo use d resin Tinker thal is more sensitive (thal 
js. more reactive) to acid (hun the linker shown in Ea. 
26,2] on p. 1285. The following group (бет one 
such linker. Explain why the peptide can be removed 
from this linker with much more dilute acid than ах re- 
quired for the linker in Eq. 26.21. (Нии: Consider the 
mechanism ir Fa. 26.29, p. 1289.1 


Pep" — NEE— CH 


| ы «АОН 


26.59 


26.61) 


26.61 


26.62 
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When either Noryir or Crixisan bind to the active site 


of HIV protease, the —OH eroup in the middie of each 
molecule 15 found by X-ray erystallographw to displace 
the tightly bound water present in the [ree enzyme. (See 
Eq. 26.47. p. 1320.) Show how the bye aspartie acid 
residues of the enzyme could interagi with this hydroxy 
group in such a way that binding of the inhibitor is 


enhanced, 


Puly-1- lysine tà peptide containing опу lysine 
residues) exists entirely in an e-helical vontormation 
at pH 11. Below pH 10. however, the peptide be- 
comes a random coi. Pols -L-elutamie acid. on the 
other hand, exists in the e-helieal conformation at 

pH -< 4. but above pH 5 it becomes a random coi. Ex- 
plain the effect of pH on the secondary stricture of 
both polymers, That is. explain why low pli destroys 
the helical conformation of one peptide while high pH 
destroys the helical conformation of the other, Unt: 
Look carefully at the location of the ammo acid side 


chains in Fie, 26.8 on p. 1309] 


Complete the reactions given in Fig. P26.61. р. 1378. 
assuming the штіпо acid residue is part ol à peptide in 
aqueous solution and is at neither the amine nor the 
carboxy terminus. 
Outline a syniliesis of euch of the following 
compounds from the indicated starting material and 
апу other reagents. 
а! 

i) О) 

| /—*« | 

Ph—C— NH E 61 С.Н: trom 
NR p-aininobenzoic 


aid 


ib; Ph —C€D— СОТ from benzoie acid 


"NI 


(Ch, СН CÓ; from  CD,—CH—0 
| 


UPredalem continties] 
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(d) L-Lys-L-Ala-L-Pro from L-proline, i.-alanine. and 
the following compound using a solid-phase pep- 
tide synthesis. Use Fmoc protection tor the a- 
amino groups in each coupling step but the last. 


О О 
| | 
(CH,,CO— C—NH—CH—C—OH 
(CH), 
NH—C—OC(CH,), 


О 
c,e-diBoc-L-lysine 
ie) О 
Y NE Els 


/ 
C.HiO—C—GH 
N 


d 
| 
Z 


| 
trom CG;H;O—C—CH-—O 


à . э Aw Hs 
(a) lysine residue + HiC—O + NaCNBH, E 
(excess of both} 
(h) О 
Р ; HR 
lysine residue + Qo — 
O 
succinic anhydride 
(С) O 
à i pH = 5 
cysteine residue. + | NH — 


О 


maleimide 


id) | | +i M 
aspartic acid residue + N—UC-—N—CH;CH:;—N 
Ge "a 


if} 


О 
| | 
CH —C—0O0^ 
m | 


ЫН, 


from Ihe product of part (e) and cyclopentene. 
(Cyclopentenyl amino acids are produced by cer- 
tain plants. Hint: Hydrogens e to a cyano group 
are about as acidic as those e to ап ester group.) 

(E) The polymer p-aramid from terephthalic acid 11.4- 
benzenedicarboxylic acid). (This polymer is used 
in lire cord and other applications that require 
rigidity and strength.) 


P 
{wnt (У 


p-aramid 


(a conjugate-addition product) 


а water-soluble carbodiimide that 


reacts much like DCC 


i Р Wr E Рек pH У 
(e) tyrosine residue + PhN=N Cl ———» 


Figure P26.61 


26.63 Show how the acetamidomalonale method can be used 
to prepare the following unusual amino acids from the 
indicated starting material and any other reagents. 

(а! 
(CH;5CDCH;—CH-—COry 26.66 


| (2-methylpropene ) 
*NH; 


irom isobutylene 


(ib) Ph—CHD—CH—CO*: from benzaldehyde 
260.67 


| 
*NH; 
(ch O 
| 
C—CH,—CH— СОУ from anisole 


| imethoxy benzene} 
*NH; 


26.68 


HO 


y-oxohomotyrosine 26.69 


26.64 When peptides containing а 2,3-diaminopropanoic acid 
(DAPA) residue are treated with the Edman reagent 
and then with acid, a peptide cleavage occurs in addi- 
lion to degradation of the amino-terminal residue (see 
Fig. P26.64). Using the curved-arrow notation to ratio- 
nalize your answer. propose a structure for X. 


36.65 The anuficial sweetener aspartame (sidebar, р. 1208) 
was withheld from the market for several vears 
because, on storage for extended periods of time in 
aqueous solution, 1 forms a diketepiperazine (see 
Fig. P26.65). (Extensive biological testing was re- 


Q O 
| | | 
Peps’ — C— NH VER SS NH—Pep* + Ph—N=C= 


CH;NH, 


a DAPA residue 


Figure P26.64 


Q О à 
НМ CH—C—HH—CH—C—O0OCH; —— 
b E CH.Ph PhCH; 
| ЕЈ = 
соу 
aspartame 


Figure P26.65 
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quired to show that this by-product was safe for 
consumers.) Give a curved-arrow mechanism for the 
formation of the diketopiperazine. 


Complete the reactions, given in Fig. P26.66 on 
p. 1330, by giving the structure of the major organic 
product(s}. 


identify each of the compounds A-D in the reaction 
scheme shown in Fig. P26.67, p. 1331. Explain your 


ans Wers. 


Give a curved-arrow mechanism for each of the reac- 
tions given in Fig. P26.68 on p. 1331. 


When peptides containing the Asn-Gly sequence. such 
as H in the equation given in Fig. P26.69 on p. 1331. 
are stored in aqueous solution at neutral or slightly 
basic solution, ammonia ts liberated and a derivative 
fis formed. On continued storage, species / reacts to 
give two new peptides: J and A. Peptide f is the same 
as peptide A except that Asn is replaced by Asp, and 
peptide A is an isomer of peptide J. Propose structures 
for peptides J and К. and rationalize their formation 
using the curved-arrow notation, (These reactions are 
believed to be a major source of deterioration 
associated with aging in naturally occurring peptides 
and proteins. ) 


СЕО Н . + : 
—— —— X + H;N—Pep* 
H 
N. .CH;CO; 
1 + CHOH 


№ O 
H 


à diketopiperazine 


1330 


26.70 In 2007, scientists in New Zealand isolated a peptide Р 
from enzymatic digests of the pili of gram-positive 
bacteria. (A pilus is a ibrous appendage that a bac- 
lerium uses, among other things, to bind to cells, be- 
ginning the process of infection.) This peptide was se- 
quenced by MS-MS, and the following two sequences 
were reconstructed trom the mass spectrum: 


A: L-T-V-T-K-N-L B: N-S-L 
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tween two peptide chains within the pilus. Show 
this reaction and its mechanism. 

(c) No such reaction is observed when the peptides A 
and B are mixed at physiological pH, and, evi- 
dently, no enzyme 15 involved. Why might this re- 
action nevertheless proceed at a rapid rate within 
the pilus structure? (Hint: See Sec. 11.7.) 


26.71 (а) Іл most peptides, the amide bonds have the Z con- 
The mass M of P, deduced from the m/z of its M + 1 formation: explain why. 
ion, equaled the mass of (A + B) — 17 mass units. Two | a w— 
other fragment ions, C and D, were also observed. The i 
mass of C equaled the mass of (T-K-N-L + N-S-L)— С рер 
17 mass units, and the mass of D equaled the mass of Pep^ ме 
(V-T-K-N-L. + N-S-L) - 17 mass units. | 
(a) The scientists used these data to propose a primary H 
structure for P that contains an unusual peptide (b) One particular amino acid residue in the Pep? posi- 
bond. What is this structure? Show how it is con- tion adopts the E conformation in some cases, Which 
sistent with the 17 mass-unit differences. amino acid residue should be most likely to assume 
(b) The scientists also suggested that the unusual pep- an E cantormaliim. and why? 
tide bond forms spontaneously by a reaction be- ; 
(a) ethvlamine + Ph—N=C=5 ——} 
( " | H3O*iH;Q dil. NaOH 
(b) PhCH=O + KCN + CH,;NH, —— 71-78 a 
eat {neutralize} 
Маон 
+ —.— (lequiv.) (CH; CH — CH —0O NaCNBH, 
ic) HN Sw Ep s H:O H;O 
CH; 
(d) | О 
и ыл ас А-у. + NaOH (1 equiv.) ——3 
CH; 
(€) О 
| HCl 
Ph—C—NH—NH; + NaNO, ж 
heat in benz 
(f) product of part (e) ы-у: 
(£) product of part (f) + valine methyl ester ———3- 
(h) Hot 
\ T 
О C—CH3CI 
r 
| NaOEt Hic НО, H4O* 
H—C-—NH-—CH(CO;EFt); Sen = 
(1) О 
^ = S à NaNO, НСІ EtOH, heat HCEH3O 
N=C—CH—C—OEt + H,N—NH, — > — - 


СЩ СН, )» 


Figure Р26.65 
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L) O 
| ' | | 
x WM 6 . n x H;N — NH; Мамон! 
H,C—C—NH—CH—C—OC,H, =. д so 
CH(CH;}, 
HCL НО. H30, "OH д - 
в — === (CH;);CH—CH=0 + D 
Figure P26.67 
(a) SCH.CH.OH 
CH= QO 
=, = 
CX + g a + HSCH,CH,OH э a Rudi 
CH—O CH, CH, 
o-phthalaldehyde fluorescent: used to detect amino acids 
1) HCN 
(b) СН= 0 с 2) HCI/H;O 
| CH; 3) dil. NaOH ; 
CH;Cl + МН, + Nat “SH + acetone = + Н,0 — cysteine + acetone 
N CH; 
(ci CO: 
+ 
CH.CHNH, + 
| NH, 
ib c 3H 6.5 pU 
Nw CO; +н.С==О pH 6.: | M 
N Ux N 
H H 
T - O 
' О О | 
| | | =o 
PhCH,0—C-—NH—CH—C—N, — » PhCH,O—C—NH Ы + №, 
CH,OH О 
Figure P26.68 
о 
| | x | H-0, OH - 
Pep" —NH— CH— C —NH—CH;,—C—Pep —————» 
CH. 
| P 
С / 
gq” “чун, | EY: О 
Pep*—NH—CH N | вх ае 
Н N—CH;— C—Pep- —=———» peptides / and К 
CH. 
JU 
\ 
V _ «Wm 
I 


Figure P26.69 
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26.72 (a) Explain why two monomethyl esters of N-acetyl-1.- 
aspartic acid are known. Draw their structures. 

(b) Explain why a mixture of these two compounds 
сап be separated by cation-exchange chromatogra- 
phy at pH = 3.0, but not al pH = 7. (Hinr: Use the 
pK, values of aspartic acid in Table 26.1. pp. 
1266-1267.) Your explanation should indicate 
which of the two compounds would emerge first 
from a cation-exchange column at pH = 3.0. 
Explain. 

26.73 When N-acetyl-1-aspartic acid is treated with acetic 
anhydride, an optically active compound A. C,H.NO,. 
is formed. Treatment of А with the amino acid L-ala- 
nine yields two separable. isomeric peptides, В and C, 
that are both converted into a mixture of t -alanine and 
L-aspartic acid by acid hydrolysis. Suggest structures 
for А. B, and C. 

26.74 Lysozyme (Fig. 26.4, p. 1297) 15 an antibacterial en- 
zyme that hydrolyzes polysaccharides in bacterial cell 
walls. it also catalyzes the hydrolysis of a §-1,4-linked 
hexasaccharide oligomer of N-acetylglucosamine into 


а letrasaccharide and a disaccharide with retention of 
stereochemistry, as shown in Fig. P26.74. The active 
site of lysozyme runs through the enzyme at the junction 
of the two domains (Fig. 26.10, p. 1311). Near one end 
of the active site are two aspartic acid residues. Asp; 
and Asp.» which are believed to be essential residues in- 
volved in the catalysis of hydrolysis. The pK, values of 
the carboxylic acid groups in the side chains of these 
residues are about 6.0 and 3.5, respectively, The enzyme 
functions optimally at pH = 5. 

(a) Draw a curved-arrew mechanism for the lysozyme- 
catalyzed oligosaccharide hydrolysis at pH = 5 
shown in Fig. P26.74. Your mechanism should 
show the roles of the Asp; and Aspa carboxylic 
acid groups. and it should account for the stereo- 
chemistry of the reaction. 

(b) Treatment of lysozyme with triethyloxonium Letra- 
fluoroborate (p. 508) results in a reaction of the 
carboxylic acid group of Asps that completely 
eliminates enzyme activity. What 15 this reaction? 
In the light of the mechanism you proposed in (a), 
account for the effect of this reaction on enzyme 
activity, 


HOCH, 5 , 
oN yo HOCH; i} ' HOCH; С) lysezvme 
HO І | А A, pH = 5 
а HO y m + HO 
4 AcNH 
H 
HOCH: ads 
e ICH, 
е6 
\ TA OH + 
AcNH › AcNH 
H 
HOCH 


Figure P26.74 


Pericyclic Reactions 


Pericyclic reactions occur by a concerted cyclic shift of electrons. This definition states two key 
elements of the reaction. First, a pericyelic reaction is concerted. In a concerted reaction, reac- 
lant bonds are broken and product bonds are formed at the same time. without intermediates, 
Second, a pericyelic reaction involves a сусе shift of electrons, (The word pericyciic means 
"around the circle) The Diels-Alder reaction (Sec. 15.3) and the S,2 reaction (Sec. 9.4) are 
both concerted reactions, but only the Diels-Alder reaction occurs by a evelic electron. shift. 
Hence, the Diels-Alder reaction ts a pericyclic reaction, but the 8,2 reaction is not. 

This chapter is concerned with three major types of pericyclic reactions, although there are 
others. The first type 15 the electrocyclic reaction: an intramolecular reaction of an acyclic 
T-electron system in which a ring is formed with a new e bond, and the product has one less 
7 bond than the starting material. 


pem me 
E a —— —ÀH- = я пем ст bond 


(27.1) 
Y ты a closes a ring 


one less a bond 


The second type of reaction 1 the cycloaddition: à reaction of two separate zr-electron sys- 
tems in which a ring 15 formed with two new c bonds. and the product has two fewer a bonds 
than the reactants. 


c s | 


e» 


Scparalke 77 systems 


Dew cer honds 
| --^ || | {2 


close | ring i. died 
d №. 


two fewer z bonds 
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The third type of reaction is the sigmatropic reaction: a reaction in which an allyhe e bond 
at one end ofa electron system appears to migrate lo the other end ol the 77-electron system. 
The z bonds change positions in the process, and their total number is unchanged. 


(17,3) 
H » 
iA Oo, — HCA SK |, т) 
IS SCD; Н.С А PIS 
H 1) 


Three features of any given type of perivyelic reaction are intimately related: 


1. the way the reaction is activated (heat or light} 
2. the number at electrons involved in the reaction 
3. the stereochemistry of the reaction 


Before illustrating these points, lets clarify the first two terms in this list, Point | refers to 
the fact thal many perieyclie reactions require no catalysts or reagents other than the reacting 
partners. Such reactions lake place either on beating or on irradiation with ultraviolet light. 
Reactions that are activated by heat are not activated by light, and vice versa. Recall. for ex- 
ample. that Diels-Alder reactions occur merely on healing the diene and dienophile together 
(Sec. 15,31, These reactions are rop activated by hight. 

The number of ciectrons involved in à perieselie reaction (point 2), as in апу heterolvtic 
process, is twice the number of curved arrows required to write the reaction mechanism in the 
curved-arrow notation. Por example: 


(27.51 


three curved arrows; 
six electrons 


The direction of "electron ow” in many pericyelic reactions indicated by the curved arrows 
Is arbitras. Although it is clockwise in Ey. 27.5. п could he written counterclockwise and be 
equally correct. 

Specifying any two of the features in the foregoing list for a particular type of reaction 
specifies the third. To ilusirate, consider the following electrocyelie reactions: 


7 — 
Ha E CLL, 175 4 Ж (27.64) 
H 1] Hat! CH, 
) he TIN 
— —=— > (27.6) 
Hic” “HH “cH, 


HC CH, 
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127. 6e] 


Н. 


First compare Eqs. 27.64 and 27.66. Both are activated by heat; however. the former reaction. 
involving four electrons. gives only the trans-disubstituted. isomer of the evelic product. 
whereas the latter reaction, involving six electrons; gives only the cis-disubstituted isomer. 

Next compare Eqs. 27.66 and 27.6c. Both reactions involve six electrons; When the slart- 
ing material is heated, only the eis-disubstituted. isomer of the cyelie product is obtained. 
When the starting material ts irradiated with ultraviolet ight. the only product obtained ts the 
Lrans-disubstiruted isomer. 

Correlations such as these had been observed for many scars, but the reasons for them were 
not understood. In 1965, a theory that clearly explained these observations and successfully 
predicted many new ones was proposed by Robert B. Woodward (1917-1979), then a profes- 
sor of chemistry at Harvard University, and Roald Hoffmann (b. 1937), at the time а junior fel- 
low at Harvard and presently professor of chemistry at Corneli University. For this theory, 
walled comervation of orbital symmetry, Hotfmann received the 198] Nobel Prize in Chem- 
istry. He shared the prize with Kenichi Fukui tb. 19181. a professor of chemistry at Kyoto Uni- 
versity in Japan, who had advanced a related theory. called frontier orbital theory. (The two 
theories make the same predictions: they are alternative. ways of looking at the same reac- 
tions.) Woodward undoubtedly would have also shared the Nobel Prize had he not died prior 
lo its announcement. (The terms of Nobel's bequest require that the prize be awarded only la 
living scientists.) Woodward had, however, received an earlier Nobel Prize (19651 for his work 
In organic synthesis, This chapter presents elements of the Woodward-Hotlmann-Fukut the- 
огу that will enable you to understand and predict the outcome of perieyclie reactions. 


PRUBPEM 27.1) Classify each of the following pericyclic reactions as an electrocyclic, cycloaddition, or sig- 


matropic reaction. Give the curved-arrow notation for each reaction, and tell how many elec- 
trons are involved. 


(a) 
CE 
H 
(b) CH; CH, 


дуд 
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id) 
| 
H NT . 
hi di. ы 
| S 
Ph 
(e) 
+ 
| "H, H.C. Н; 
——»>» Mee ч — de ли) 
Had СН, 


MOLECULAR ORBITALS OF CONJUGATED 


ELECTRON SYSTEMS 


Linderstanding the theory of perievelie reactions requires an understanding of some hastes of 
inelecular orbital theory, particularly as i applies to molecules containing m electrons, Mole- 
cular orbita] theory was introduced in Sees, LA 4,1 B, and КЛА: these sections should be re- 
viewed carefully. 


Molecular Orbitals of Conjugated Alkenes 


When p orbitals сип overlap, pt zi molecular orbitals can form. The overlap of p orbitals to 
куе m molecular orbitals is described by the mathematies of quantum theory, Howeser. the 
mathematical aspects of this theary are not required to appreciate the results. This section cen- 
siders the molecular orbital theory of ethylene and conjugated alkenes. The m molecular or- 
bituls tar such molecules ean be constructed according to the оола generalizations. which 
are applied to ethylene and 1.3-butadiene in Figs. 27.1 (p. 13371 and 27.2 tp. 1338). In these 
and subsequent Heures. the carbons are Hattened into the plane of the page and the hydrogens 
are not shown so that the nodes amd svmmetrs. relationships within the orbitals ean he seen 
clearly. (Perspective illustrations of these MOs can be found in Fig. 4.6. p. 126. for ethylene 
and in Fig. 15.10. p. 678. for L,3-butadiene.)? Using Figs. 27.] and 27,2, convince yourself that 
each generalization applies to each example. 


|. When a number tsay j of atomic p orbitals interact, the resullimg z-electron system con- 
lains the same namber yol molecular orbitals {МО y. all with different energies. 


Because (40 2p orbitals contribute to the zz-electron system of eths lene. iiis molecule has the 
same mumber—ty o—ot m МОХ. which are designated as 7, and a. Similarly. the four 2p or- 
bitals of [.3-hutadiene combine to form four MOs. тү, тт, ma and т. 


2. Hull of the molecular orbitals have lower energies than the isolated p orbitals. These are 
called bonding molecular orbitals. The other half have bigher energies than the iso- 
lated p orbitals, These are called antibonding molecular orbitals. 


To emphasize this distinetion, antibonding MOs ure indicated with asterisks, Thus. eths lene 
has one bonding МО т band one antibonding MO (2723: 1.3-buradiene has two bonding MOS 
Um, and qr amd two antibonding MOs (77 and 7773. 
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К => UMF (А) a die | 
D 


he j 
d 


* 
7) 


1 new node 


energy of an 
Ae аа а ань ьа н ГЫ БН НЬ ae ee eae eee eee isolated 2р 
orbital 


| MO 


no new nodes 


component 2 electron 
р | P molecular orbitals E a symmetry 
orbitals occupancy : 


Figure 27.1 The 7 molecular orbitals (MOs) of ethylene. The carbons are shown as black dots, and the hydro- 
gens are not shown. Wave peaks are shown in blue and wave troughs in green. The symmetry classification is de- 
scribed in Fig. 27.3 and the associated discussion. The node in a3, shown with a heavy gray line, is perpendicular 
to the plane of the page. The nodal plane of the 2p orbitals is common to all zz MOs. Only the nodes in addition to 
this one ("new nodes") are shown in this and subsequent figures. 


3. The bonding molecular orbital of lowest energy, ту. has no new nodes. (It does retain а 
node in the plane of the molecule, which is common to ail 2p orbitals and to all т MOs). 
Each MO ot increasingly higher energy has one additional node. 


Recall from Sec. |.6B that a node is a surface, in this case a plane. at which an electron wave 
(orbital) is zero: that is, when an electron is in a given МО, there 15 zero probability of finding 
the electron, or zero electron density, at the node. A particularly important feature of the node 
lor understanding pericyclic reactions ts that the electron wave has a peak on one side of à 
node (bine) апа а trough on the other side (green). Because of the symmetry relationships 
within the MOs (discussed in point 5, below), it doesn't matter whether a particular lobe of an 
MO is treated as a peak or a trough, provided that a peak changes to a trough and a trough 
changes to a peak each time a node is crossed. 

Thus m, of ethylene has no new nodes, and 7* has one new node. In 1.3-butadiene, 7, has 
no new nodes. m, has one new node. 7% has two, and тг has three. 


4. The nodes occur between atoms and are arranged symmetrically with respect to the cen- 
ter of the z-electron system. 


The node in 7# of ethylene is between the two carbon atoms, in the center of the zr system. The 
node in 77, of 1.3-butadiene is also symmetrically placed in the center of the т system. The two 
nodes in 77? are placed between carbons | and 2, and between carbons 3 and 4. respectively — 
equidistant from the center of the zr system. Each of the three nodes in 71. the MO of highest 
energy. must occur between carbon atoms. 

The next generalization relates to the symmetry of the molecular orbitals. 
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MOs 


—— LUMO (5). 


energy of an 
isolated 2p 
orbital 


(AY. 


no new nodes 


component 2p Е Їн orbitas electron 


symmetry 
orbitals occupancy | 


Figure 27.2 The zr molecular orbitals of 1,3-butadiene. The carbons are flattened into the plane of the page and 
the hydrogens are not shown so that the nodes and symmetry relationships within the orbitals can be seen 
clearly. The symmetry classification is described in Fig. 27.3 and the associated discussion. 


5. Odd-numbered MOs (т. тту. 75, .. .) are symmetric with respect to an imaginary refer- 
ence plane at the center of the 7-electron system and perpendicular to the plane of the 
molecule. Even-numbered MOs (T5. 74. т... .) are antisymmetric with respect to this 
plane. 


The reference plane in this generalization is shown for the 1,3-butadiene molecule in Fig. 27.3. 
A symmetric MO is an MO in which peaks reflect across the reference plane into peaks and 
troughs reflect into troughs, as shown for r£ of 1,3-butadiene in Fig. 27.3. An antisymmetric 
MO is an MO in which peaks reflect into troughs, as shown for m, of [,3-butadiene in 
Fig. 27.3. Of particular importance for the analysis of pericyclic reactions 1s the relative phase 
of each MO at its terminal carbons. The relative phase of an MO refers to the relative orien- 
tation of peaks and troughs at two different points. Within any symmetric MO, such as 7$ of 
| 3-butadiene, the relative phase at the two terminal carbons is the same. That is, the peaks on 
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peaks reflect 
into troughs 


peaks reflect. 


| into peaks | 


Ec Fu ma т, 
ў \ ( | 
| | | | | 
=: Re un b n 
s-o o-o 
p " = 
ml ү fe М 
E | IMB 
| } k | ? j 
Ў Кн 


troughs reflect! 
| into troughs | 


= 


TA 


antisymmetric (A) 


symmetric (5) 


Figure 27.3 The antisymmetric and symmetric MO symmetry classifications illustrated for the m, and the т 
molecular orbitals of 1,3-butadiene, These classifications refer to the symmetry of an MO with respect to a refer- 
ence plane (gray) through the center of the molecule and perpendicular to the plane of the page. (This plane is 
not the same thing as a node, although it may coincide with a node, as in the т, MO. The symmetry classifica- 


tions of the MOs in Figs. 27.1 and 27.2 are indicated by the abbreviations (A) for antisymmetric and (5) far sym 
metric. Although the molecules are flattened, the same symmetry relationships appiy to their s-cis and s-trans 


conformations. 


lhe two carbons are on the same side of the carbon chain tthe upper side in Fig. 27.34 and the 
two troughs are on the sume side. Within ans antisymmetric МО, such as m- of [4-butudiene. 
the relative phase at the two lermingl carbons p different. Be sure to verify [or yourself that the 
other MOs in Figs. 27.1 and 27.2 fit this pattern. 

The last generalization deals with the distribution of the available 7 electrons within the 
МО. 


6. Electrons are placed pairwise inte each molecular orbital. beginning with the orbital of 
lowest energy (aufbau principle). 


This point is illustrated in Figs. 27.1 and 27.2 in the column labeled "electron оссирапех. 7 An 
alkene has the same number of 5 electrons as i has 2p orbitals. Thus. ethylene. with two Др 
aromie orbitals. has to m electrons; These are both placed t9 ith opposite spin? into 775, Р. 
27.0), 1.3-Butadtene. with four 2p atomie orbitals, has four sz electrons. Two are placed in 7, 
and to in m (big. 27.2). These examples show that the bonding MOs are fully Alied in both 
simple and conjugated alkenes and that the antibonding ХОХ are empty. 

The presence of unconjugated substituents (lor example. alkyl groups), to a useful approxi- 
malon. does nor alter the MO nodal properties of a conjugated alkene. For example. the 7 mol- 
ecular orbital nodes in 1.3-puladiene and 1.3-pentadiene are essentially the same. 


Hd SCI —cl—cll. L1.€:=ClI—ClI=Cr Cl, [d 


1,3-butadiene 1;3-pentadiene 


the т MOs have the same nodes 


Recall from Sec. 15.0 B that the 7r-electron contribution to the energy of a molecule Js de- 
termined by the energies of its eccupied. MOs. Because bonding MOs have lower enereies 
than isolated 29 orbitals. there ts an energetic ady апаке to 37 molecular orbital formation; this 
Is Why sz bonds exist. 
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Two MOs are of particular importance in understanding pericyelie reactions. One is the ug- 
cupied molecular orbital of highest energy. called the highest occupied molecular orbital 
(НОМ. The other is the unoccupted molecular orbital of lowest energe, called the lowest 
unoccupied molecular orbital (LUMO). These are labeled in Figs. 27.0 and 27.2. In ethyl- 
ene. 77, is the HOMO and я the LUMO: in. d1.3-butadiene. m, is the HOMO and ay the 
LUMO. The HOMO and LUMO ofa conjugated alkene have opposite svimetries, Also, ihe 
HOMO Bas a fewer energy Han the LOMO. 

The HOMO and LUMO are sometimes collectively referred to as the frontier orbitals he- 
cause thes are the molecular orbitals at the energy extremes: the HOMO ts the occupied molec- 
ular orbital of est energs. and the LEMO is the unoccupied molecular orbital of forrest en- 
eros. The analvsis of perievctic reactions фосиле heavily en the svmmnierries of froutier orbitals, 


PROBLEMS , . | | Җ - | 
| PROBLEMS. 27.2 Answer the following questions for |.3.5-hexatrienc, the conjugated triene containing. six 


carbons. 
(a3 How many т MOs are there? 
(b) Classify each MO as symmetric or antisymmetric. (See Fig. 27.3. 
(с) Which MOs are bonding? Which are antibonding? 
(dy Which МО» are the frontier molecular orbitals? 
(e) Within the HOMO. is the phase at the terminal carbons the same or ditterent? 
(£1 Within the LUMO, јх the phase at the terminal carbons the same or ditferent? 
273 Without drawing the MOs. state whether the #-molecular orbital т, in 1,3,5,7,9-devapentaene 
(a [0-carbon conjugated alkene) is symmetric or antisymmetric with respect lo the reference 
plane: Is bonding or antibonding; is a frontier MO: and. if so, 15 a HOMO or a LUMO. 


Molecular Orbitals of Conjugated lons and Radicals 


Conjugated unbranched tons and radicals have an odd number of carbon шот. bor example. 
the ally [ cation has three carbon atoms and three 2p orbitals. and hence. three МОХ. 


+ + 
[ыс ч E 8 ү сн=ен.| 
allyl cation 


The MOs of such species follow many bul not all of the same patterns us those of conjugated 
alkenes. The MOs for the alls | and 3.4-pentadienst systems are shown in Pigs. 27.4 und 27.5. 
respectively. on pp. 1343! and 1342. 1А perspective illustration of the alls МО is sis en in Fig. 
15.9. p. 703.) These Heures show to important differences between these MOs amd those of 
vonjuesateg alkenes. First. in each vase. one MO is neither bonding nor antibonding but has the 
«une energy as the isolated 2p orbitals, this MO is culled à nonbonding molecular orbital. 
The nonbonding MO in the ally Es stem is ms. The remaining orbitals are either bonding or ai- 
bonding. and there are an equal number ol each type. Second. in some of the MOS, nodes pass 
through carbon atoms. For example. im the ally] system, there is a node on the central carbon ot 
ma This means that electrons in m Base no electron density on the centra] carbon. This 1s why, 
or example, the charge in the allyi anion resides only on the terminal carbons: 


no charge at the central carbon 


T - - 
Ге ач ы жаа Te т 


ally] anion 
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| antibonding 
мо 


SOMO HOMO 


energy of an 
— + == (5) --- isolated 2p 


orbital 


HOMO 


radical = 


па New nodes 


component 2 - electron 
P Р molecular orhitals 


orbitals occupancy symmetry 


Figure 27.4 The m molecular orbitals of the allyl system. The nodal properties of the MOs are the same for the 
cation, the radical, and the anion. (The electron occupancy does affect the orbital energies somewhat, but this 
effect can be ignored.) In a radical, the molecular orbital containing the unpaired electron is called the SOMO 
{singly occupied molecular orbital). The designation of the HOMO and the LUMO depends on the electron 
occupancy. 


Just as the charge in an atomic anion is associated with an excess of valence electrons. the 
charge in a conjugated carbanion can be associated with the electrons in 1ts HOMO. (See the 
discussion on pp. 704—705. and Problem 15.23.) 

The MOs of cations, radicals, and anions involving the same т system have the same nodal 
properties. For example, the MOs of the allyl system applv equally well to the allvl cation, 
allyl radical, and allyl anion because all three species contain the same arrangement of 2p or- 
bitals. These species differ only in the number of тт electrons, as shown in the “electron occu- 
pancy column of Figs. 27.4 and 27.5. (The relative energies of the MOs differ somewhat. but 
we can ignore these differences.) Thus, the HOMO of the allyl cation is m, and the LUMO is 
75. In contrast, the HOMO of the allyl anion ts ma, and the LUMO 15 т? The HOMO of the 
allyl radical contains a single electron. Because this molecular orbital is “half-occupied.” it is 
sometimes referred to as a singly occupied molecular orbital (SOMO). 
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Lumo SOMO HOMO — Т 
— —— + === (5j--- isolated 2p 


orbital 


ENERGY 


а=" 


по new nodes 
pia etait ey molecular orbitals electron 


orbitals occupancy of ill 


Figure 27.5 The т molecular orbitals of the 2,4-pentadienyl system. 


ERVGEEMS:| 27.4 Answer the following questions for the 2,4,6-heptatrienyl cation. 
| + 
H;C—CH-—CH-—CH—CH-—CH— CH; 
2,4,6-heptatrienyl cation 


(a) Which MO is nonbonding? 
(b) Classify each MO as symmetric or antisymmetric. 
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+ + LUMO of 
= — a = S z 
3 * excited state 


* HOMO of 


LUMO —— 77, * excited state 


| = 
| HOMO — 7, 7 
— 7| 7| 


ground state excited state 


Figure 27.6 Light absorption by a conjugated species such as (in this example) 1,3-butadiene promotes an elac- 
tron from the HOMO to the LUMO and produces an excited state. 


(c) To which carbon atoms in this cation is the positive charge delocalized? Explain with both 
resonance structures and molecular orbital arguments. 
27.5 Explain using (a) resonance arguments and (b) molecular orbital arguments why the unpaired 
electron in the ally! radical is delocalized to carbon-l and carbon-3 but not to carbon-2. 


C. Excited States 


The molecules and ions we have been discussing can absorb energy from light of certain 
wavelengths. This process, which ts also responsible for the UV spectra of these species (Sec. 
| 5.2B). is shown schematically in Fig. 27.6 for 1.3-butadiene. The normal electronic configu- 
ration of any molecule is called the ground state. Energy from absorbed light is used to pro- 
mote an electron from the HOMO of ground-state 1.3-butadiene (m) into the LUMO (7). A 
species with a promoted electron is called an excited state. In the excited state of 1,3-butadi- 
ene, 17% is the HOMO, even though it contains only one electron. Notice that the HOMOS of 
the ground state and the excited state have opposite svmmetries. 

In subsequent sections, we wil] differentiate pericyclic reactions according to whether they 
are thermal or photochemical. A thermal pericyclic reaction is any pericyclic reaction nor ac- 
tivated by light. A photochemical pericyclic reaction is any pericyclic reaction activated by 
light. As you will see, the fundamental distinction is that thermal reactions occur through mol- 
ecular ground states, whereas photochemical reactions occur through molecular excited states. 

The word thermal as used in this context may be a bit misleading. This term might suggest 
that thermal reactions require strong heating to occur. Although some thermal pericyclic reac- 
tions require high temperatures, others can occur at room temperature or below. The word 
thermal in this sense means “not activated by light.” In other words, a thermal pericyclic reac- 
tion is any pericyclie reaction involving a ground state. 


ELECTROCYCLIC REACTIONS 


A. Ground-State (Thermal) Electrocyclic Reactions 


This section begins the application of MO theory to pericyclic reactions with a discussion of 
thermal electrocyclic reactions—that is, electrocyclic reactions that proceed through ground 
states. Sec. 27.2B considers photochemical electrocyclic reactions—that is, reactions thal 
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proceed through exeited states; (See Eq. 27.1 on p. 1333 for the defimtion of electroes clic 
reactions. | 

When an electroevelic reaction takes place. the carbons al each end of the conjugated 
т s¥slem mus turn dn a coneerted Fashion. so. that the 2p. orbitals can overlap) Cand 
rehs bridive} to form the e bond thal closes the ring. To ilustrate. consider the reaction shown 
in Eq. 27 ба р. 13434 the electrocyelie closure of (24 44: )-2,4-hexadiene to give 3.4- 
dimethyvlevclabuiene, This turning can occur in two stereochemically distine! ways. In a сөп» 
rotatory closure the (wo carbon atoms tura in the same direction. (The ereen arrows show 
Ihe direction of тореп, ) 


the carbons rotate in 
the same direction 


| 
| 1 
| | 
ы (М! 
\ 
Cl, 
(2F,AEY-2,4-hexaxlienc traus-3,4-dimethylcyclobutene 


а conrotatory reaction (observed } 
(Of the two conrotatory modes, clockwise and counterclockwise. the clockwise mode ts 
show n. but the counterclock. ise mode in this case rs equally probable.) in the second mode 
ol cing closure. called a disrotatery mode. the carbon atoms turn in opposite directions. 
the carbons rotate in 


opposite directions 


(271 


(2£,46)-2,4-hexadiene ets-3,4-dimethyleyclobutene 


d disrotatori reaction (does not occur) 


The two modes ot ring closure can be distinguished by the stereochemistry of the product. As 
noted im Eq. 27.8, franms-; not efs-3.4-dimethyleyelobutene rs the observed produet, Hence, rie 
mode of ring closure is conrermtory. 

Molecular orbital theory explains this result. A simple wav todook at the reaction is to focus 
on the HOMO of the diene. This molecular orbital contains the z electrons of highest energy. 
These sr electrons are te a molecule as valence electrons ure te an atem. Just as the atomic va- 
lence electrons are imalsed in most chenuecal reactions. the electrons in the HOMO gos ern the 
course ol perievelie reactions; When the ring closure takes place. the vo 2p orbitals on the 
ends of the я system must overlap. But simple overlap is not enough: they must overlap in 
phase. That is; the wave peak on one carbon must overlap with the wave peak on the other. or 
d Wave trough must overlap with a wave trough. H a peak were to overlap witha trouzh. the 
electron waes would cancel and no bond would form. 

Lets see what I takes to provide the required bonding overlap. First. the diene must 
asume the seis conlormatienz only in this conformation are the terminal carbons of the 
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7-electron system close enough to each other that their 2p orbitals can overlap. (The s-cis and 
s-trans conformations of dienes are discussed in Sec. 15. I B.) Next. recall from Sec. 27.1 A that 
alkyl substituents, to a useful approximation, do not affect the nodal properties of the MOs of 
a conjugated alkene. Consequently, the nodes of the m molecular orbitals of 2.4-hexadiene are 
the same as those of | ,3-butadiene (Fig. 27.2). In other words, the methyl groups at each end 
of the molecule can be largely ignored when considering the MOs of the system. An exami- 
nation of the HOMO of a conjugated diene (m, in Fig. 27.2) reveals that, because of the anli- 
symmetric nature of m, conrotatory ring closure is required for in-phase, or bonding, overlap. 
as observed: 


ammo or 
——— 
(observed | 


(27.10) 


H CH; 


bonding overlap 


T; (HOMO) 


In contrast. disrotatory ring closure gives out-of-phase overlap, an antibonding (and hence un- 
stable) situation: 


HiC CH, 


wi ESTO 


—— — (27.11) 


‚фам їй xcu | 
| 


H Н 


antibonding overlap 


m (HOMO) 


Thus, it is the relative orbital phase at the terminal carbon atoms of the HOMO-—the orbital 
vymmetry—that determines whether the reaction is conrotatory or disrotatory. This observa- 
поп suggests that aff conjugated polyenes with antisvmimetric HOMOS should undergo conro- 
latory ring closure. and indeed, such is the case. The electrocyclic reactions of conjugated 
alkenes with symmetric HOMOs can be predicted by a similar analysis, as Study Problem 
27.1 illustrates, 


Study Problem 27.1 


Predict the stereochemistry of the thermal electrocyelic ring closure of (2E.AZ.6E )-2,4,6-octa- 
triene to 5,6-dimethyl- 1,3-cyclohexadiene. 


H H 
ex^ 
DONE um H 
"c Se^ 
o | 
ee =y wá Spp HC СН, 


(2E,AZ,6E)-2,4,6-0ctatriene 5,6-dimethyl-1,3-cyclohexadiene 
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Solution First, ignore the substituent groups and examine the HOMO of the simpler triene, 
].3,5-hexatriene (Problem 27.2). Because the HOMO of this triene (7) is symmetric, the HOMO 
has the same phase at each end of the т system. Hence, bonding overlap can occur only if the ring 
closure is disrotatory. 


ТИШЛИ; 
= 


bonding overlap 


cis-5,6-dimethyl-1,3-cyclohexadiene 


The disrotatory motion, as Eq. 27.12 shows, requires that the methyl groups have a cis relationship 
in the product. As Eq. 27.6b shows, this is indeed the observed stereochemistry of the reaction. 


To summarize: Electrocyclic closure of a conjugated diene is conrotatory, and that of a con- 


jugated triene is disrotatory. The reason for the difference is the phase relationships within the 


HOMO at the terminal carbons of these m systems. In the diene, the HOMO has opposite 
phase at these two carhons; in the triene, the HOMO has the same phase. A different type of 
rotation is thus required in each case for bonding overlap. 

This result can be generalized. Conjugated alkenes with 4n тг electrons (n = any integer) 
have antisymmetric HOMOs and undergo conrotatory ring closure; those with 4n + 2 m elec- 
trons have symmetric HOMOs and undergo disrotatory ring closure. That is, conrotatory ring 
closure is allowed for systems with 4n 7 electrons; it is forbidden for systems with 4л + 2 a 
electrons. Conversely, disrotatory ring closure is allowed for systems with 4n + 2 7r electrons: 
it is forbidden for systems with 4n 7 electrons. 


Excited-State (Photochemical) Electrocyclic Reactions 


When a molecule absorbs light, it reacts through its excited state (Sec. 27.1 C). The HOMO of 
the excited state is different from the HOMO of the ground state, and has different symmetry. 
For example. as Eq. 27.6c (p. 1335) shows, the photochemical ring closure of (2E,AZ.6E)- 
2,4.6-octatriene 15 conrotatory. This is understandable in terms of the symmetry of тї, the 
HOMO of the excited state. 


light 


aM E pr ng 


KOSS 


H CH; 


trans-5,6-dimethyl-1,3-cyclohexadiene 


ar; (HOMO of the excited state) 
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Rund Selection Rules for Electrocyclic Reactions 

Number of Mode of Allowed 

electrons* activation stereochemistry 

4n thermal conrotatory 
photochemical disrotatory 

4п + 2 thermal disrotatory 
photochemical conrotatory 


*п = an integer 


Contrast the stereochemistry of the product with that observed in the ground-state reaction of 
the same triene in Eq. 27.12. The stereochemical result ts different because the symmetry of 
the HOMO is different. 

To generalize this result: the mode of nng closure in photochemical electrocyclic reac- 
tions—reactions that occur through electronically excited states—differs from that of thermal 
electrocyclic reactions. which occur through electronic ground states. These results can be 
summarized with a series of selection rufes for electrocyclic reactions, given in Table 27.1. 


Selection Rules and Microscopic Reversibility 


The selection rules in Table 27.1 are based on the orbital symmetry of the open-chain (conju- 
gated alkene) reactant. However, these rules (as well as others to be considered) refer to the 
rates of pericyclic reactions but have nothing to say about the positions of the equilibria in- 
volved. Thus, the electrocyclic reaction of the diene in Eq. 27.6a оп p. 1334 to give a cy- 
vlobutene favors the diene at equilibrium because of the strain in the cyclobutene, but the elec- 
trocyclic reaction of the conjugated triene іп Eq. 27.6b favors the cyclic compound because o 
bonds are stronger than 7r bonds. and because six-membered rings are relatively stable. 

It is also common for a photochemical reaction to favor the less stable isomer of an equi- 
librium because the energy of light is harnessed to drive the equilibrium energetically “uphill.” 
For example. in the following reaction. the conjugated alkene absorbs UV light, but the bi- 
cyclic compound does not; hence, the photochemical reaction favors the latter. 


H 
H 
light 
disrotatory (27.14) 
H 
Н (4296 vicld) 


In summary. the selection rules do not indicate which component of an equilibrium will be fa- 
vored—only whether the equilibrium will be established at a reasonable rate. 

The principle of microscopic reversibility (p. 171) assures us that selection rules apply 
equally well to the forward and reverse of any pericyclic reaction, because the reaction in both 
directions must proceed through the same transition state. Hence, an electrocyclic ring open- 
ing must follow the same selection rules as Its reverse, an electrocyclic ring closure. Thus, the 
thermal ring-opening reaction of the cyclobutene in Eq. 27.14, like the reverse ring-closure re- 
action, must be a conrotatory process (Table 27.1). 
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H H | 
CUT TIT a 
* | 
à C 


In the following electrocyelic ring-opening reaction. the allowed thermal conrotatory 
process Would eise a highly strained molecule containing a trans double bond within a small 


nns. 
H-a Н 
FIT 
ЖАНДЫ ГАЙ. / =L (27,161 
kd H | 
A | 
= 


a trans double bond 


Although the selection rules suggest that the reaction could occur. it does not because of the 
sirain in the product (Sec. 7.6C). In other words, "allowed" reactions are sometimes prevented 
from occurring for reasons having nothing to do with the selection rules. Furthermore. con- 
eerted ring opening to the relatively unstramed all-cis diene also does not occur. because this 
would be a disrotatory process—a process "forbidden" bs the selection rules in Table 27.1 for 
a voncerted Ja-electron reaction. 


H^ 1] 


Ем ra 


/ Ё КЕЛЕ 


forbidden S 


H 


Pp 


Henee, the сусе compound is effectively "trapped inte existence: that is; there is no con- 
verted thermal pathway by which it ean reopen, (Reeall from Eq. 27. [3 (p. 13471 thal it is 
formed phiotechemicalty from the all-cis diene. 

Two rather spectacular examples of the effect of the selection rules for periesclic reactions 
are the henzene isomers prismane tp. 718) and Dewar beizene: 


H 


11 


prismane Dewar benzene 


Despite the tremendous amount of stram in both molecules and the aromatic stability of hen- 
ғепе. neither prismane nor Dewar benzene is readily transtormed into henzene because, in each 
vase, such a transformation violates perieyelie selection rules (see Problem 27.54, p. 1374). 
Because no low-energy. pathway exists flor its conversion into the much more stable isomer 
benzene, prisimane has been referred to in the [nerature as а “euged teer 


Дена 27.6 Which one of the following electrocyclic reactions should occur readily by а concemed mech- 
anism’? 
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Reaction 1: 


heat 


Reaction 2: 


heat 


27.7 Show both conrotatory processes for the thermal electrocyclic conversion of (2E,AE )-2,4- 
hexadiene into. 3,4-dimethylcyclobutene (Eq. 27.8). Explain why the two processes are 
equally likely. 

27,8 Inthe thermal ring opening of trans-3,4-dimethylcyclobutene, two products could be formed 
by a conrotatory mechanism, but only one is observed. Give the two possible products. 
Which one is observed and why? 

27.9 After heating to 200 °C, the following compound is converted in 95% yield into an isomer 
A that can he hydrogenated to cyclodecane. Give the structure of A, including its stereo- 
chemistry. 

H 


CYCLOADDITION REACTIONS 


A cycloaddition reaction (Eq. 27.2. p. 1333) is classified, first, hy the number of electrons in- 
volved in the reaction. The reaction in Eq. 27.18a is a [4 + 2] cycloaddition because the reac- 
tion involves four electrons from one reacting component and two electrons from the other. 
The reaction in Eq. 27.18b is a [2 + 2] cycloaddition, 


Ay? 
acl —* (27.182) 
4+ 2] 


A 72| = || (27.1 8b) 


[2 4 2] 


As in electrocyclic reactions, the number of electrons involved is determined by writing the re- 
action mechanism in the curved-arrow notation. The number of electrons contributed by a 
given reactant 1s equal to twice the number of curved arrows originating from that component 
(two electrons per arrow). 
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STUDY GUIDE LINK 27.1 
Frontier Orbitals 


plane of the four-electron component | 


supralacial antarafacial 


supratacial supratacial 


| plane of the two-electron component 
(a) [45 + 25] (b) [4a + 2+] 


Figure 27.7 Classification of cycloaddition reactions, illustrated for (a) a [4s + 25] cycloaddition and (b) a [4a + 
25] cycloaddition. The s and a designations refer to the stereochemistry of the cycloaddition (suprafacial or an- 
tarafacial) with respect to the planes of the reacting components. The two components approach each other in 
parallel planes (green arrows). For example, in part (b), the addition (blue lines) occurs below the plane of the 4r- 
electron component at one end and above the plane at the other and is therefore classified as 4a, or antarafacial 
on the 47-electron component. The addition occurs on the 2 7-electron component on the same side of its plane 
at both ends and is therefore classified as 25, or suprafacial on the 27-electron component. This reaction is there- 
fore a [40 + 25] cycloaddition. 


A eycloaddition reaction is also classified by its stereochemistry with respect to the plane 
of each reacting molecule. (Recall that the carbons and their attached atoms in 7r-electron sys- 
tems are coplanar.) This classification is shown for a [4 + 2] cycloaddition in Fig. 27.7. A cy- 
cloaddition may in principle occur either across the same face, or across opposite faces, of the 
planes in each reacting component. If the reaction occurs across the same face of a т system. 
the reaction is said to be suprafacial with respect to that т system. A suprafacial addition is 
the same thing as a syv-addition (Sec. 7.9A). If the reaction occurs at opposite faces of a a sys- 
tem. it Is said to be antarafacial. An antarafacial addition 15 an enzi-addition. Thus, а [4s + 
25| cycloaddition is one that occurs suprafacially (or syn) on both the 47 component and the 
25 component. А [4a + 2s] cycloaddition occurs antarafacially (or anti) on the 47 compo- 
nent, hut suprafacially (or syn) on the 277 component. 

For a cycloaddition to occur, bonding overlap must take place between the 2p orbitals at the 
terminal carbons of each 7-е[есігоп system, because these are the carbons al which new bonds 
are formed. This bonding overlap begins when the HOMO of one component interacts with 
the LUMO of the other. The electrons in the HOMO of one component are analogous to the 
valence electrons in an atom: They are the reacting electrons. The LUMO of the other compo- 
nent is the empty orbital of lowest energy into which the electrons from the HOMO must flow. 
It doesn't matter whether we consider the HOMO from the 4zr-electron component and the 
LUMO from the 27-electron component, or vice versa. The important point is that the two 
frontier MOs involved in the interaction must have matching phases if bonding overlap is to 
be achieved. 

This phase match is achieved when a [4 + 2| cycloaddition occurs suprafacially on each 
component—that is, when the cycloaddition is a [45 + 25] process. (A [4a + 2a] process is 
also theoretically allowed but is geometrically impossible.) Using the HOMO from the 47- 
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electron component and the LUMO from the 27-electron component. this overlap can be rep- 
resented as follows: 


mA HOO of 
the tour-electron 
component i 


(27.19) 
m LUMO ol 


the two-electron 
component | 


8 6 


bonding overiap 


Recall from Sec. 15.3C that the Diels-Alder reaction. the most important example of a [45 | 
2s] eveloaddition, occurs supratacially on each component. This can be seen from the reten- 
tion of stereochemistry observed in both the diene and dienophile in the following example: 


СН; О HC Н о 

"Н | 

- | 0 (27.20! 
H 

MUR и 


You should also convince yoursel that the |4 + Де] and |Je + 25] modes of eveloaddition do 
неї provide bonding overlap al both ends of the zz-electron ss stems. You should also convince 
vourself that it doesn't matter which component provides the HOMO and which provides the 
LUMO (Problem 27.10, p. 13531. 

The situation is different ina [2 1 2] cycloaddition. Again, we use the HOMO of one cam- 
ponent and the LUMO of the other. Notice that the orbital ss mmetries do not accommodate а 
eveloaddition that is suprafacial on both components: 


LUMO r3) 


antibonding | | bonding overlap 
overlap 


However, an addition that is suprafacial on one component but antaralacial on the other ts 
allowed by orbital symmetry but ts geometrically impossible. lor this reason, the thermal 
[2 + 2| eveloaddition is à much less common reaction than the Diels Alder reaction. All of 
the known thermal |2 + 2] additions occur by nonconcerted mechanisms and therefore do not 
fall under the purview of the rules for perieyelic reactions. 
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Although the [2s + 2s] cycloaddition is forbidden by orbital symmetry under thermal con- 
ditions. it is allowed under photochemical conditions. Under these conditions. the excited stare 
of one alkene reacts with the other alkene, which is not photochemically excited, (Only a 
small fraction of the alkenes exist in an excited state under photochemical conditions.) The 
HOMO of the excited state has the proper symmetry to interact in a bonding way with the 
LUMO of the reacting partner: 


LUMO (m3) 
bonding overlap 


bonding overlap 


HOMO of excited stale ( 77} 


Indeed. many examples of photochemical [2s + 25] cycloadditions are known. Such processes 
are widely used for making cyclobutanes. 


| : А CH, 
= - J : 
a E Н. л... Ph | 
ч Y light CH, 
ка : gi 
yes rS * CH. (27.213 
H Ph НАС CH, Ph 


CH, 


(excess) " , 
(95% yield) 


Notice the retention of alkene stereochemistry in this reaction. 

An important example of the allowed [2s + 25] cycloaddition in biology is the photochem- 
ical reaction of two thymine bases in DNA to give a thymine dimer. (This is shown in Ex. 
25.64 on p. 1254.) This reaction is known to cause certain types of cancer, and is probably a 
contributor to the onset of melanoma, a particularly virulent type of skin cancer. 

The results of this section can be generalized to the cycloaddition selection rules given in 
Table 27.2. Notice that all-suprafacial cycloadditions are allowed thermally for systems in 


Selection Rules for Cycloaddition Reactions 


Number of Mode of Allowed 
electrons* activation stereochemistry! 
4п thermal supra-antara 


antara-supra 


photochemical supra-supra 
antara-antara 


án 2 thermal ѕирга-ѕирга 
antara-antara 


photochemical supra-antara 


Eom. eomm ьш. = ыш. LH me 


*n — an integer 
supra = suprafacial; antara = antarafacial 
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which the total number of reacting electrons is 45 + 2, and they are allowed photochemically 
for systems in which the number is 4л. 

The following reaction is an example of a suprafacial cycloaddition involving more than 
six 7 electrons. This all-supratacial cycloaddition is a [6s + 4s| process involving 10 elec- 
trons (five curved arrows). Notice that 4л + 2 equals 10 for à = 2, 


iT 
— / (27.22) 
aa Ј ed 


dbi tmi 27.10. Show that using the HOMO from the 27r-electron component and the LUMO from the 47- 
electron component also gives bonding overlap in a [4s + 2s] cycloaddition. 
27.11 Show by a frontier orbital analysis that the [4a + 2s] and [4s + 2a] modes of cycloaddition 
are not allowed. 


27,12 Give the product of the following reaction, which involves an [8s + 2s} cycloaddition: 


+ ЮС С=С СОЕ — 


27.13 The photochemical cycloaddition of two molecules of cis-2-butene gives a mixture of two 
products: А and B. The analogous photochemical cycloaddition of trans-2-butene also gives 
a mixture of two products: В and C. The photochemical reaction of a mixture of cis- and 
trans-2-butene gives a mixture of A, B, and C, along with a fourth product, D. Propose struc- 
tures for all four compounds. 


THERMAL SIGMATROPIC REACTIONS 


A. Classification and Stereochemistry 


Sigmatropic reactions were defined in Eqs. 27.3 and 27.4 on p. 1334. In this section. we con- 
sider only thermal sigmatropic reactions—sigmatropic reactions that occur through ground 
states—because photochemical sigmatropic reactions are not very common. 

Sigmatropic reactions are classified by using bracketed numbers to indicate the number of 
atoms over which a e bond appears to migrate. In some reactions, both ends of a c bond mi- 
grate. In the following reaction, for example. each end of à a bond migrates over three atoms. 
(Count the point of original attachment as atom #1.) The following reaction is therefore a [3,3] 
sigmatropic reaction. 
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transition slale 


In other reactions, one end of a er bond remains fixed to the same group and the other end mi- 
grates. For example. the following reaction is a [1.5] sigmatropic reaction because one end of 
the bond “moves” from atom #1 to atom #1 char is; doesn t movej. and the other end moves 
over five atoms. 


A 1 
Г Y gu 
a en e Da iul А. 
Не S] ^ Не ul т 
D D 


transilion state 


Sigimidrople reactions. Ike other pericyelic reactions, are also elassitied by their stereao- 
chemistry. This classification is based on whether the migrating bond moves over the same 
face. or between opposite faces, of the z-electron system. IF the migrating band moves across 
one face of the m system, the reaction is said to be siprafaciid. For example. if the [1,5] sig- 
malropic reaction of Eg. 27.24 were suprafacial, i would oecur in the following manner: 


supratactal 127.24) 


It the reaction were antaralfacial, it would occur instead as shown in Ey. 27.26: 


antarafacial (12.26) 


When both ends of à c bond migrate, the reaction сап be suprafactal or antarafacial with 
respect lo either т system. For example, tt the [3,3] sigmatropie reaction in Eq. 27.23 were 
supratacial on both m systems, it could occur as follows: 
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suprafacial 


(27.27) 


suprafacial 
The stereochemistry of a sigmatropic reaction is revealed experimentally only if the mole- 


cules involved have stereocenters at the appropriate carbons. This point is illustrated in Study 
Problem 27.2. 


study Problem 27.2 


Classify the following sigmatropic reaction by giving its bracketed-number designation and its 
stereochemistry with respect to the plane of the 7r-electron system. 


H gi 5 configuration 
D 


Solution First identify the bond that is migrating. Because the hydrogen atom migrates, one end 
of the migrating bond remains fixed; in other words, this is a [1.7] sigmatropic reaction in which 
we have to determine “9” by counting the carbons over which the migration takes place: 


CH; 


migration of H occurs 
/ from C1 to C7 


шы] 


The original point of attachment is counted as сагһоп-1. Consequently, this is a [1,7] sigmatropic 
reaction. To determine the stereochemistry. imagine that carbons 1 through 7 all lie in the same 
plane. As the molecule is depicted, the migrating hydrogen is below that plane (dashed wedge). 
Because rotation about the C6-C7 hond cannot occur until after the reaction 1s over (it is a 
double bond), depict the T and D in the same relative orientations in the starting material and 
product (as they are depicted in the problem). This reveals that the hydrogen is above the plane 
of the -electron system in the product. Consequently, the hydrogen has migrated from the lower 
to the upper face of the 7-electron system. Therefore, the reaction is a [1,7] antarafacial sigma- 
tropic reaction. 
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| PROBLEMS 


For Hs 


STUDY GUIDE LINK 27.2 
Orbital Analysis 
of Sigmatropic 
Reactions 


27.14 (a) Refer 10 Study Problem 27.2 and, assuming an antarafacial migration, give the structure 
of a starting material that would give a stereoisomer of the product with the А configura- 
поп at the isotopically substituted carbon. 

tb) Give the structure ef enormen starting material that would give the same stereorsomer as 
in part (al. 


27.15 Classify the tollo img bp reactions With bracketed numbers. 


OX = 


(С) “ч Vu 
——" a: 
"E E 


Orbital «symmetry governs the connection between the (ype of sjematropie reaction and its 
агора migration of hydrogen across a m- 


slereochemistry, Consider, tor example. a 
electron sx stem. Think of this reaction as the migration ot à proton fram ene end of the 2.4- 
peniadieny] anion (Fig. 27.5) to the other: 


-AN ! (d \ 
+) CID think of the transition state as: H €: СН. c IEC vid] 
H H* H* 


The imteraction of the proton LOMO—an empty 1А orbital — with the HOMO of the z system 
controls the stereochemisirs o£ the reaction, For the 2.J-pentadieny] anion (big. 27,5. the 
HOMO is symmetric. This means that bonding overlap can occur only if the migration occurs 


хира леа: 


HOMO ima ofthe 
2d-pentadienyi anion 


шз supralacial hydrogen 


muagraticm 


An ingenious experiment published in 1970 by Wollgang Roth and his collaborators at the 
University of Cologne revealed the stereochemistry of the thermal 11.5] sigmatropie hydrogen 
shift. In the isotopically fabeled. optically active alkene shown in Eq. 27.28. a suprafaetal [1.5] 
hydrogen shift is possible from each of the conformations shown: 
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К 
ЛАШЫ == 
A м, Fa 
2 NN 230 4 "d DX Me 
= Ў М / MIN TN ПОША == se 
Et p ШЕ д Mie H 
H Ft 


AE double bond 
nal rotation (OP ORI 


ve БК 
2, DOMUM A 
(4. —— 4 й / ws l^ хира! 
| L 
мегі 
we Дош Ме bond 


It follows from these equations thal if the migration is supratacial, the 3E isomer of the prod- 
uet must have the A configuration and the 3Z isomer of the product must hase the 5 contisu- 
ration. These were exueth the stereochemical results observed. 

The [1.3] hydrogen shift involves the HOMO of the alis! anion, an antissimmetrie orbital: 


HOMO Um ol 
the ally) anion 


antarafacial hydrogen 
migration 


For à [1.3] hydrogen shiti de occur. the migrating Aydregen must pass from one face of the 
ally sr system te the other. Despite the fact that this reaction is "allowed" by orbital symme- 
Urs. requires that the migrating proton bridge too great a distance for adequate bonding. Al- 
lernalivels, the terminal lobes of the ally] sr system could twist: but then a new problem would 
arise: these lobes would not overlap with the 2p orbital of the central carbon. The resulting 
loss of orbital overlap would raise the energy of the transiion site. As these arguments ss- 
gest, the concerted thermal sigmatropic [1.3] hydrogen shift is nonexistent in organic chem- 
try. (See Problem 27.16. p. 360.) 

The interconversion of enols and there isomeric carbonyl compounds ure [1,3] hydrogen 
shilts, which are disallowed as a concerted process by orbital symmetry. 


H 
N 
O I a 
No fp N 7 
C—íl w-— ” oU. ro 
N I ‘ 
учто die isomeri: 


carbonyl compound 


Yel. from See. 22,2, enols are rapidly converted into their corresponding carbons | compounds. 
This 15 not a violation of orbital symmetry because all of the reactions by which enols and car- 
bonyi compounds are. intergonverted mobe gencencered. pathways. (See. for example. 
Fas. 22.178 and 22:17h. p. 1056.) [n fact; chemists have succeeded in preparing enols in the 
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absence of catalysts that promote their conversion inte carbons] compounds. and these епо 
have proven to be quite stable thermally. as the foregoing discussion of [1.3] hydrogen shtfis 
slipeests. 

Several interesting experiments have been conducted in which a molecule could in princi- 
ple undergo both [1.5] and [1.3] hydrogen shifts. [In one particularly elegant experiment car- 
ried out in 1964 also by Roth, 1,3, 5-evelooctatriene was labeled at carbons 7 and 8 with deu- 
terium and then allowed to undergo many hydrogen shifts lor a long ime, When the molecule 
undergoes [1.5] hydrogen shifts. the D should migrate part of the time. and the H pari ot the 
ume. However, after a long time, the D should eventually scramble to all positions that have а 
|.5-relationship. In such a case, only carbons 3. J. 7, and 8 would he parually deuterated: 


H H H H 
M. p um DE HI 
| D T i i [39399 
/ t [1,5] shifts (НИ E " 
HH HH 


(You should write a series of steps for this transformation to convince yoursell that it is the 
predicted result.) On the other hand, if the molecule undergoes successive [1,3] hydrogen (or 
deuterium) shifts, the deuterium should be scrambled eventually to all positions. 


(НУР ИШ 
Di 


(27.19 


several 


[1.3] shifts Н 


I] È (OD DUE EI 


The experimental result was that. even alter very long reaction times. deuterium appeared only 
in the positions predicted by the [1,5] shift. 

Although the suprafacial [LA] shift of a hydrogen is vez allow ed, the corresponding shift of 
a carbon atom гу allowed. provided that a stringent stereochemical condition 15 met. Suppose 
that an alkyl group (suitably substituted so thal its stereochemistry can be traced) were to un- 
dergo a suprafacial [1.3] sigmiatropie shift. This shift vould occur in bo stereochemically dis- 
linet Wats. In the first way. the carbon migrates with керен of configuration. 


R- 
к: | 
| IE ү, 
E ee EN Ri Lt RI [27.3] 
red TE \— 


(in this and the following equation, one carbon of the allyl group is marked with an asterisk 
so thal its fate can be traced.) In the second was. the carbon migrates wilh fnverston of com- 
figuration. 


i AUS quy à 
ШЕ. РЧ “4 R (27, ДОРЕ 
DELTY sso 
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Consider the orbital s mmetry relationships in these two modes of reaction. Think of the 
migrating group as an alkyl cation migrating between the ends of an allyl anion, The LUMO 
of the alkyi cation an empty 2р orbital—interacts with the HOMO of an allyl anion (zr, in 
Fig. 27.4. p. 1341 1. on the case of migration with retention, the phase relationships between the 


orbitals involved lead to antibonding overlap: 


Retentieii: 


— vation LEUG 


antibonding Ri, Lan empty 2p orbital) 


overlap BN 


ally] HOMO 


Hence. suprafacial carbon migration with retention is forbidden by orbital symmetry. in 
the same sense that hydrogen migration is forbidden. [f migration occurs with гелон, how- 
ever. bonding overlap can ovcur in the transition state, 


hiwersrnz 


C. bonding 


overlap 


Thus, carbon migration with imversien ts allowed by orbital symmetry. 

This analysis shows that tt is the node in the 2p orbital of the migrating carbon that makes 
the | 1.3] supratacial migration of this carbon possible: each of the two lobes of the 2p orbital, 
which have opposite phase. can overlap with each end of the ally | m system. Because а bond is 
broken al one side of the migrating carbon and formed at he other side. inversion of configura- 
lion is observed. [En the migration of a hydrogen, the orbital involved is a Hs orbital; which has 
no nodes. Hence, [1.3] suprafacial migration of hydrogen 15 not allowed. 

Orbital symmetry, then, makes а very straightforward prediction: The supratacial [1.3] stg- 
matropie mipration of carbon must oceur with inversion of configuration. The following result 
confirms this prediction: 


На. АИ, 


[540 47 
(27 А]! 


inversion 
[955i yield) 
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(See Problem 27.39. p. | 370, for another example.) Migration with retention of contieuramnen 
might have been expected to be the most straightforward, least contorted pathway that the re- 
arrangement could take: vet the 1heors of orbital symmetry predicts otherwise; One of the 
remarkable things about the theory is that it correctly predicts so mam reactions tat other- 
wise Would have appeared unlikely. 
As might be expected. orbital sy mimetrs dictates the opposite stereochemistis for [1.5] mi 

erations, Carbon. Tike hydrogen, undergoes suprafacial [| 1.5] migrations with retention of con- 
guration (Problem 27. ] 83. 


PROBLEMS " — ' . 
PROBLEMS | 27.16 Explain why the hydrogen migration shown in reaction il) occurs readily and why the very 
similar migration shown in (2) does ner take place even under forcing conditions, (The as- 


tensked carbons indicate а carbon isotope present so thal the rearrangement can he de- 
lected.) 


ilj 
a ieee (СМ 


‘CH, CH, “——~ ‘CH, CH. 


T H 
(2) 250 °C 
ГА \ 4300 psi | 
ЄН. Н ‘CH= 


27.17 Predict the resuit that would have been expected in ihe experiment described by Eq. 27.2% 
(ip. 1337) for an antarafactal migration. 
27.18 (aj Carry ош an orbital symmetry analysis to show that suprafacial [1,5] carbon migrations 
should occur with retention of configuration in the migrating eroup. 
(b) Indicate what type of sigmatropic reactions are involved m the following transforma: 
tions, [s the stereochemistry of the first step in accord with the predictions of orbital 
symmetry? 


CH; Ci. CEL, CH, 
heat кы 


CH, CH; CH; CH, 


A П 


B. Thermal [3,3] Sigmatropic Reactions 


Lets now examine а sIgmatropie reaction 2n which both ends o£ à e bond change positions. One 
of the most common and useful examples of this type of reaction ts the [3.3] s1gmatropie re- 
arrangement. Using the same logie as before, the transition stale for this rearrangement can be 
visualized as the interaction of two allvlie sx stems, one a cation and one an anion, 


ASS —— С „ыш 
For - Ihn ol the transition stale us — y 
NA NZ Ae 
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The frontier orbitals involved are the HOMO of the anion and the LUMO of the cation. whieh 
are the sume orbitali m) ol the ally ssstem Eig. 27.4. p. 13411. 


suprahicial | a {HOMO of the айм anion! 


55 LUMO of the allyl cation 


The two MOs involved achiese bonding overlap when the [3.3] sigmatropic rearrangement 
occurs supralaciilly on both components, (You should convince yourself that a reaction that 1s 
antirafaciilion both zz systems is also allowed by orbital symmetry, but one that is supradacial 
on опе component and antaralbacial on the other 15 forbidden. i 

One of the best known types o£ [3.3] sigmatropie rearrangement Is the Cope rearrage- 
"ment, Which was extensively investigated by Professor Arthur С, Cope (01909-19660) af the 
Massachusetts Institute of Technology long before the principles of orbital symmetry were 
known. The Cope rearrangement is simply a [.5-diene iscmerizution: 


Ph - Ph 
AS | PS 4 м2“ 3] i? 
- — — M 
V A - 
a is 


[12908 vield! 


An interesting variation ol the Cope rearrangement is the Затое oxyCope reaction. In 
this reaetton, the alkoxide ton derived tram an aleohol undergoes a thermal [3.3] sigmatropie 
reaction, The alkoxide ts generated with potassium hydride. The alkoxide is then heated in 
boiling THE. An enolate ion is formed initially: when it reacts with acid. the corresponding ke- 
lone 1х formed. 


+ 
К. rt „+ 
PLU » К ^ m К 
E à CE О; 
ъ_ осы f 
are » IDE 9 pe "n MAN TERT 
“ISL M Ha HC | 
М2" | 4 m7 De E 
к ал enolate ton 
HO: Q: 
E fo we $^ 
К. F Е — i | 
H: HC — 
EL noH pnr 


An ох Cope reaction ean also take place witheut alkoxide formation, bul the reaction then re- 
quires very strong heating. Alkoxide formation accelerates the reaction by a factor of at least 
(Q') The reaction of the alkoxide calls to mind the breakdown of a letruhedral addition inter- 
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mediate in a carbonyl addition reaction. The extra unshared electron pair on oxygen helps mi- 
tate the anionic oxyCupe reaction by “pushing out” the bond to the neighboring carbon, 

In the Claisen rearrangement, an ether that is both allylie and vinyle or an allylie агу! 
ether undergoes a [3.3] sigmatropie rearrangement, (The asterisk shows the fate ot a carbon 


=) 
_ f | 11 M 
| leat ; 
к 


keto for 
allyl phenyl ether i iphone 2-allyiphenol 


ШОП.) 


37.344 


If both ortho positions are blocked by substituent groups. the para-substituted derivative is ob- 


tuned: 


^S HGB CH: 


C OH 
EE CH, | HC. СН, 
5y | (27,334 
m 


CH.CH—CH. 


(95%, vield | 


This reaction occurs by а sequence ot two Clasen rearrangements, followed by tsemerization 


of the product to the phenol: 


(oy Аба! 


the same compound redrawn 


() OH 
| CH; ; ; | 
Re "e HC CH. Hac 60 
+ —— — | (27 36b 


Problem 27.20 considers the Claisen rearrangement of an aliphatic ether. 


C. Summary: Selection Rules for Thermal Sigmatropic Reactions 


The stereochemistry of sigmatropic reactions is a function of the number of electrons involved. 
(As with other pericvelie reactions. the number of electrons involved is determined [rom the 
curved-arrow notation: Count the curved armows and multiply by 2.) All-supratfacial thermal 
Iematropie reactions eccur when 40 + 2 electrons are involved in the reaction that is. an odd 
number of electron pairs or curved arrows. [In contrast, a thermal sigmatropie reaction must he 
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ISUZU selection Rules for Thermal Sigmatropic Reactions 


Allowed stereochemistry* 


Number of Generalized Stereochemistry of 

electrons stereochemistry single-atom migrations 

Arr supra-antara supra-inversiorn 
antara-supra antara. retention 

an - 2 supra-supra supra-retention 
antara-antara antara- inversion 


"supra — suprafacial; аптага = antarafacial 
n oan integer 


antarafacial on one component and suprafacial on the other when 4a electrons (an even number 
of electron pairs or curved arrows? are involved. When à single carbon migrates. the term 
suprafacial is laken to mean "retention ol configuration.” and the term сесте is taken to 
mean "inversion of confieuraton;" 

These generalizations are summanzed im Table 27.3 as selection rules for thermal semia- 
tropic reactions. 


PROBLEMS | 27.19 (a) What allowed and reasonable sigmatropic reaction(s} can account for the following 


transformation"? 


mild hcating 
СН; 


CH; CH; 
(b) What product(s) are expected from a similar reaction of 2,3-dimethyl-1,3-cyclopentadiene? 
27.20 (a) Aliphatic allytic vinylic ethers undergo the Claisen rearrangement. Complete the follow- 
Ing reaction: 


(CH,);C=CH—CH,—O—CH=cH, —“t 


(b) What starting material would give the following compound in an aliphatic Claisen re- 
arrangement? 


CH:—CH=0 
27.21 Show how the transition state for a [3.3] sigmatropic reaction can be analyzed as the inter- 
action of two allylic radicals, and that the same stereochemical outcome is predicted. (See 
Sindv Guide Link 27.2.) 


27.22 (a) Give the curved-arrow mechanism for the anionic oxyCope reaction of compound A, and 
explain why the stereoisomer B does not react under the same conditions. 


ЕН heat 
OH THE ЕТ 
CHO CH.O 
| 3 OH 
A В 


(unreactive under 
the same conditions) 
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ibi Give the structure of the product, including its stereochemistry, expected [rom the anton 
ox vCope reaction of the following compound. 


OH 


A 


27,23 Show hy an orbital symmetry analysis that a [3.3] siematropic reaction that is antarafacial 
on both components is allowed. Would you expect such a reaction to be very common? 
Why? 


FLUXIONAL MOLECULES 


A number of compounds continually undergo rapid stgmiatropie rearrangements al room tern- 
perature. One such compound is bufivolene, which was first prepared in 1963. 


E 
05 
bullvalene 


The ] 3.3] sigmatropic rearrangements in hullsalene гари interconvert identical forms of the 


molecule: 


ы ue r чу 
E / = 
A ж” man others. (2737 


ыз = б< 


H the carbons could be individually Jabeled. there would be 1.200.600 equivalent structures ot 
bullvalene in equilibrium? Each one of these forms is converted into another ata rate of about 
2000 times per second at room temperature, (These reactions can be observed by the dynamic 
NMR methods discussed in Sec. 13,8.) At high temperature (above ТООС. both the proton 
NMR spectrum and the "C NMR speetrum of bullvalene consist of a single line: the rapid 
l'uxional tsomerization averages the NMR absorptions so that all of the protons, as well as all 
ol the carbons, become equivalent over ume. 

Molecules such as bulls alene that undergo rapid bond shifts are called fluxional mole- 
cules. Their atoms are in à continual state of motion associated with the rapid changes in 
bonding. Fluxional molecules are nor resonance structures because the nuclei actually move 
during their interconversion. 


"The Bull" and Bullvalene 


The fluxional nature of bullvalene was predicted by William von E. Doering during his tenure as a 
professor at Yale University. The intriguing name of this compound seems to have originated from a 
seminar of his research group in late 1961 in which Doering first disclosed his prediction. To under- 
stand the origin of the name, one must know that Doering's research students had nicknamed him 
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"The Bull," and also that Doering had also been interested in a class of compounds known as the ful- 
valenes. When Doering wrote the structure on the board, one graduate student in the back of the 
room blurted out, "Bullvalene!" The name stuck. Bullvalene was first prepared serendipitously in 
1963 by Gerhard Schröder, a chemist at Union Carbide Corporation in Brussels. 


PROBLEM | — | | T | 
| PROBLEM | 2724 Each of the following compounds exists as a lixional molecule tiat is interconverted into 


one or more nlenical forms by the siematropic process indicated. Draw one structure in 
each case that demonstrates the process involved, and explain why each process is an al- 
lowed pericychie reaction. 

(а) TAI (b) 


à CH, 
= НС СН, 
| LR 
HC CH, 


Bre CH, 


BIOLOGICAL PERICYCLIC REACTIONS: 
THE FORMATION OF VITAMIN D 


[t has long been known that, in areas ofthe world where winters are long and there is litte sun- 
light. children sutler from a disease called леске (irom old English. теке, meaning 710 
DAN This disease js characterized by inadequate. culerfleation of the bones, A similar 
disease in adults, asfeemafacia, is particularly prominent among Bedouin Arab women who 
must remain completely covered when they are outdoors, 

Rickets can be prevented bs administration of. any. one of the forms of лпа D, i 
hormone that controls culetuin deposition in bone. The human body munutactures a chemical 
precursor to Vitamin D called ?-dehydrocholesteral (structure in Ea. 27,38), This is converted 
Into vitamin D, or ейнек ӨН (structure in Eq. 27,393, only when the skin receives ade- 
quate ultraviolet radiation from the sun or other source, 

The reaction bs which 7-«dehsdrocholesierol is converted into vitamin D, is a sequence of 
мо perievelic reactions; The first is a photochemical eleetrocselie reaction: 


R 


PLC 


еи А 


11k} HO 


7-dehydrocholesterol previtamin D; 


Hic, _CPLGH CH CHECHA 
R - He; 
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This reaction is a соплом process. {Be sure you understand why this 15 so; examine the re- 
verse reaction 1 necessary.) This is precisely the stereochemistry required for à росе 
сану allowed clectrocvelic reaction involving di + 2 electrons. Sunlight ordinarily provides 
the UV radiation necessary for this reaction te aceur in humans. 

The final step in the formation of vitamin D, tsa thermal [1.7] sigmatropic hydrogen shitt; 


(207,300! 


cholecalciterol 
(vitamim D3} 


(The stereochemistry of this process is not defined by the structures of the reactant and prod- 
uet; see Problem 27.25.) Vitamin D exists in the more stable «-trans conformation, attained 
by internal rotation (ereen arrow) about the bond shown in red: 


199 CH: 


internal rotation 
4E ——— 127 A1) 


мы \ 
HI 


HO 


х {rans 


Vitamin D, tergocalciferol or ealeiferol ij. a compound closely related to vitamin D. is pro- 
duced commercially by irradiation of a steroid called ergoszerof. Ereosterol is identical to 7- 
Jehydrocholesterol (Ey. 27.38) except tor the side-chain R: 


MEE К Ызы. „=н ASCH CHa): 
R= ll-—t: 


7-dehydrocholesterol 


HO | 


E: 


TA, 


H 


crgoste rol 


KEY IDEAS IN CHAPTER 27 1367 


Irradiation of ergosterol gives successively previtamin D, and vitamin D,, which are identical 
to the products of Eqs. 27.38 and 27.39, respectively, except for the R-group. Vitamin D,, some- 
times called "irradiated ergosterol,” is the form of vitamin D that is commonly added to milk 


and other foods as a dietary supplement. 


PROBEEMS 27.25 When previtamin D, (which ts identical to previtamin D,, p. 1365, except for the R group) 


is isolated and irradiated, ergosterol is obtained along with a stereoisomer, lumisterol. Ex- 
plain mechanistically the origin of lumisterol. 


cH; R 


lumisterol 


27.26 When previtamin D, is heated, two compounds, A and B, are obtained that are stereoisomers 
of both ergosterol and lumisterol. Suggest structures for these compounds, and explain 
mechanistically how they are formed. 


27.27 When the compounds A and & in the previous problem are irradiated, two stereoisomeric 
compounds, C and D, respectively. are obtained, each of which contains а cyclobutene ring. 
Suggest structures for C and D, and explain mechanistically how they are formed. Explain 
why irradiation of either A or B does not give back previtamin D.. 


27.28 Although the stereochemistry of Eq. 27.39 cannot be determined from the reaction, what 
stereochemistry is expected from orbital symmetry considerations? 


KEY IDEAS IN CHAPTER 27 


Pericyclic reactions are concerted reactions that occur 
by cyclic electron shifts. Electrocyclic reactions, cyclo- 
additions, and sigmatropic rearrangements are im- 
portant pericyclic reactions. 


Electrocyclic reactions are stereochemically classified 
as conrotatory or disrotatory; cycloadditions and 
sigmatropic rearrangements are classified as suprafa- 
cial or antarafacial. 


The stereochemical course of a pericyclic reaction is 
governed largely by the symmetry of the reactant 
HOMO (highest occupied molecular orbital), or, if 


there are two reacting components, by the relative 
symmetries of the HOMO of one component and the 
LUMO (lowest unoccupied molecular orbital) of the 
other. 


Considerations of orbital symmetry lead to selection 
rules for pericyclic reactions. Whether a pericyclic re- 
action is allowed or forbidden depends on the num- 
ber of electrons involved, the mode of activation 
(thermal or photochemical), and the stereochemical 
course of the reaction. The selection rules are summa- 
rized in Tables 27.1-27.4. 


А 
REACTION a 


Guide and Solutions Manual. 


For a summary of reactions discussed in this chapter, see Section R, Chapter 27, in the Study 
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27.29 


ADDITIONAL PROBLEMS 


Without consulting tables or figures, answer the fol- 

lowing questions: 

(al Is a thermal disrotatory electrocyclic reaction in- 
volving 12 electrons allowed or forbidden? 


27.3] (a) Predict the stereochemistry of compounds В and C 


in Fig. P2731. 
ib) What stereoisomer of A also gives compound C on 
heating’? 


(b) Is a |8s + 4s] photochemical cycloaddition 
allowed? 

(€) [s the HOMO of (Z)-3.4-dimethyl- 1.3.5-hexatriene 
symmetric or antisymmetric? 


27.32 (a) Classify the following pericyclic reaction. (More 
than one classification is possible.) 


27.30 What do the pericyclic selection rules have to say 
about the position of equilibrium in each of the reac- 


tions given in Fig. P27.30? Which side of each equilib- 


rium is favored and why? 


(HO yield) 


CO Et 
+ HiC—KUH; 


Figure P27.30 


Figure P27.31 
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(b) Suppose the migrating methyl group in part (a) 27,34 When compound A is irradiated with ultraviolet light 


27.33 Complete the following reactions by giving the mayor 
organic product(s), including stereochemistry. 


(a) 


р aTa a 


(b) 
T heat 
ne | — ж 
O 
CH; 


(С) O 
CH: 
(X m O heat 
CH: 
s. 


(al) 


were labeled with the hydrogen isotopes deuterium 
(D) and tritium (T) so that it is a—CHDT group 
with the $ configuration. What would be the con- 


for 115 hours in pentane. an isomeric compound # 15 
obtained that decolorizes bromine in С.С. and re- 


acts with ozone to give, after the usual workup, à com- 


Heuration of this group in the product? Explain pound €. 


your reasoning. 


НАС 


OH 


"s 


о O 


CHO («4 


Ке ЄН, 
C=C light. (С.Н) (a) Give the structure of 5 and the stereochemistry of 
t 4 both В and C. 
НС CH, А VERET 
(b) On heating to 90 °C, compound D, a stereoisomer 
of B, ts converted into A, bul compound B is viru- 
ally inert under the same conditions. Identify com- 


pound D and account far these observations. 


27.35 When |.3-cyclopentadiene and p-benzoquinone are al- 
lowed to react at room temperature, a compound X 15 
obtained. Irradiation of compound X gives compound 
Y (see Fig. P27.35). Give the structure and stereo- 
chemistry of X and explain its conversion into Y. 


27.36 Heptafulvalene undergoes a thermal reaction with 
T 0 letracyanoethylene (TCNE) to give the adduct shown 


THE boiling THE in Fig. P27.36. What i5 the stereochemustry of this 
adduct? Explain. 


O 
wth t ih A 
3e ——= X ————- 
O 
Q 


L,3-cyclopentadiene 


Q 
p-benzoquinone Y 
Figure P27.35 
NC CN 
а: 
/ \ 
NC CN 
heptafulvalene TCNE 


Figure P27.36 
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NLST dar Explain why the Гола equilibrium Des lar to 


Ihe righi. 


CH., AER 
"ad p zu 
a | 
ы M 
А toluene! f, 


(b) Chemists had лау assumed that this reaction 


would be so Fast that compound A cout never be 


isolated. However. this compound мах prepared in 


| 962 and shown to be stable in the sas phase al 
TO 7C, despite the favorable equilibrium constant 
for its Lransformution to 8. Show why the conver- 
son A ante A above would gar be expected te 
OUCUT. as а vencer reaction. 

(6) Would you expect a converted mechanism for the 
fullowing reaction Io De equally «tow Why? 


| | 
uit dis di 2 P чы, » 
3 —®- 


27.38 Surgsest a mechanism for each of the follow ing trans- 
formations, Same involve perteyelie reactions only: 


others involve pericselie reactions as sell as other 


steps. Invoke the appropriate selection rules to explain 


апу stereochemical teatures obser cd. 


(ah) 
———- 
27 (II 
(. ©. a 
Hd o Ну pr 
CH, | 
i} 
ihi 
Ph Ph Ph Ph 
К 
EE ` 
Ph ut N Ch, а н rd ч ph 
Ha Ph Ph CL 
(€) His om 


^ 
| 


27.39 


27.40 


37.41 


| \ 
heut i i | Г 
, ge c9 
27.41 
d 


Classil'y the following siematropte reacuon, give the 
curved aron notation, and show that the stereochem- 
ім as thal expected for a thermat converted reaction. 
{This reaction, iiscovered hy Prot. JF. A. Berson at 


Yale, was the first example of this type of perievedic 


reaction.) 


^ 
ST ( 4 DS 
— y “ae " 
£i X 
^ “H 
Н 


When L3, 5-cselooctaterene, «4, is heated to 0-100 €, 
I comes to equilibrium wath an тошеп compound H. 
Treatment eb ihe mixture et A and B with 

CH,O,.C— C=C—CO.CH, gives a compound C. 
Which. when healed to 200 °C for 20 minutes, gives 


dimethyl рае and eyclobutene. Identify von- 
pounds 8 and C, and explain what reactions have 


(чыг, 


dimethy! phthalate 


The reaction in big. PFA I occurs as a sequence of 
Svo perieselie reactions, Identity the intermedtite st. 


and deserbe the ГАП reactions. 


Certain black bugs of the order Hemiptera. generalls 
observed in the tropical regions of India immediateiy 
after the ram season. gine off a characteristic nauseat- 
me smell whenever thes are disturbed or crushed. Sub- 
мапсе A. the compound causing the odor. cin be oh- 
капец either by extracting the buss with petroleum 
ether which no doubt disturbs them greatly. er it can 
he prepared bs healing the compound below at 
ТОКО 7C For a short ime; Give the structure of 


compound А. 
CIE 


Н C—CH 411—0 VC 


| 
OCH. 


When cach of the compounds shown in Fie. P27,43 n 
heated in the presence ef male anhsalride. an inter- 
mediate is trapped as a Diels-Alder adduct, V hal is 
the intermediate formed in each reaction, and how is 2t 


formed from the starting materna? 


27.44 When 2-methyl-2-propenal is treated with allylmagne- 
sium chloride (H,C—CH —CH, —MgCT) in ether, 
then with dilute aqueous acid. a compound А is ob- 
tained. which, when heated strongly, vields an alde- 
hyde B. Give the structures of compounds A and В. 


27.45 A compound A (C, H,40,) is insoluble in base and 
gives an isomeric compound В when heated strongly. 
Compound A gives a sodium salt when treated with 
NaOH. Treatment of the sodium salt of B with di- 
methyl sulfate gives a new compound C (C, H,,O,) 
that is identical in all respects to a natural product 


a-phellandrene 


Figure P27.41 
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elemicin. Ozonolysis of elemicin followed by oxida- 
поп gives the carboxylic acid D. Propose structures for 
compounds А. B, and C. 


OCH, 
H;CO ; OCH, 
CH3COH 
D 
HC СОН 


(a) с 


maleic anhyd ride 


heat 
i) 


(h) 


maleic anhydride 


HiG.. CH, heat 


(mixture of stereoisomers} 


ic) 


maleic anhydride 
=m 
250 °C: 


Figure P27.43 


1372 CHAPTER 27 * PERICYCLIC REACTIONS 


27.46 Using phenol and inm other reagents as starting nutr- 
riis, eutline à synthesis of cach of the follow ing com- 
pounds. 

(a) l-ethos -2-propsyIbenzene 
(ТК. OCR, 
EHCI OH 


E 
~4 
L 
-l 


Esch ot the following reactions involves a sequenee of 
Dee pereselie reactions. Меп the intermediate X or 
Fanvolsed in cach reaction, and describe the peries clic 
reactions involved. 
(а) 

H 


^N 


ы 
| = - \ -—— 
HI 
thi 
t) 
m | | 
nghi | hyhi | i . 
| ——— \ ————= = iÑ]. 
( 


2749 An all-supratacial 13,3] sigmatrapie rearrangement 
could in principle take place through either a ehutr-Iihe 


or a Boab tike рапта stulte: 


=- CSS x a “м =F 
Г =< one -— 7T 
` аа РА 2 6 SU 
DLe——6 000r p OF 
=т= --- у Pee oh — 
«hair: dike boul ike 
АТЫНАС {ипм et Stables 


(a) According to the results shown in Fig. P27.45. 


which of these G40 transition states is preferred? 


Figure P27.48 


[А 0a. 


(ho When the [егрепе eermaerene p НУН under 
reduced pressure at 162 CC 1t 1s transtormexd ta 
B-elemenone hs à Cope rearrangement. едик 
the structure of eermaerone, eluding its stereo- 
chemistrs. 


CH. 


[fin 
ШЕТИН —— 


i-elemenane 


27.49 fons is well as neutral molecules undergo роти clic 


reactions. Classis the perieselic reactions of the 
cahon mub edan te transformation shown in 
Fig. PIF49. TeH whether the methi] groups are cts 


ar trans nd why. 


РАО (а! The transformatu shown in Fig; PI А0, w hich 


Invadves a sequence of sve perieselie reactions. 
Wis Used as à kes step in a synthesis of the sex ho- 
mone estrome. Меп the unstable mtermediate <4, 
and give the mechanism tor both is formation and 
Us subseguent reaction. 

[he Shows Ios the produci of part tiean be converted 
Inte etnine, 


Ae © 
oem. | С. A 


LE 3 
aN 
| H H 
| у МЕ УМ p 


estrone 


]1 Н 
пал! 
H Е 
| 
A “Ale 
li E 
rend] i 


ADDITIONAL PROBLEMS 1373 


27.51 In 1985. two researchers at the University of 27.83 Anticipating the isolation of the potentially aromatic 
California. Riverside, carried out the reaction given in hydrocarbon B. a group of chemists irradiated com- 
Fig. P27.51, The equilibrium mixture contained com- pound A with ultraviolet light. Compound C was ob- 
pound A (22%), a single stereoisomer of B (47%), and tained as a product instead of B. 
a single slereoisomer of C (3156). Predict the (a) Explain why compound & might be expected to be 
stereochemistry of compounds В and C at the carbon unstable in spite of its cyclic array of 4n + 2 т 
marked with the asterisk (*). Explain your prediction. electrons. 


(hi Explain why the formation of compound B 1s al- 
217.52 An interesting heterocyclic compound C was prepared lowed by the pericyclic selection rules. 
and trapped by the sequence of reactions given in 
Fig. P27.52 on p. 1374. Give the structure of all miss- (Problem continues) 
ing compounds, and explain what happens in each 


reaction. 


С) OH H;PO; O 


HPO heat 


+ HPO, 


НС CH, 


Figure P27.49 


200 C 
75h 


Me) 


(78% vield) 


Figure P27.50 


CH, ГИ? 


gs C 
dusk 
2 | 
OH ym 
^ni HI 
А В C 


Figure P27.51 
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(c) Account for the formation of the observed product 
C. 


27.54 (a) What type of pericyclic reaction is required to form 
benzene from Dewar benzene? 


H 
—— — 
H 
benzene 
Dewar benzene 
С) 
| nr. 
N—C—OCH;, — 
NC CIN 
Y C 
C + i. 
/ \ 
NC CN 


Figure P27.52 


(b) Explain why Dewar benzene, although a very un- 
stable molecule. is not readily transtormed to hen- 
zene. (Although Dewar benzene forms benzene 
when heated. this reaction requires a surprisingly 
high temperature and is believed not to be con- 
certed. } 


27.55 (a) Identify the hydrocarbon B and the intermediate A 
(both with the formulas СН, in the following re- 
action sequence. Compound B is formed sponta- 
neouslv from А in a pericyclic reaction. 


—— А — E 


(b) The proton NMR spectrum of B consists of a 
complex absorption at ё 7.1 (8H) and a singlet al 
8(—0,.5) (2H). Account for the absorption at a 
negative chemical shift: that is, to which protons 
does this absorption correspond. and why da they 
absorb at а negative chemical shift? 


A wth pom C 


Q 
| 

/ N—C—OCH,; 
CN 


CN 
CN 


CN 


uv 
T 
© 
e 
> 
ш 
a. 
а. 
4 


Appendices 


APPENDIX I. SUBSTITUTIVE NOMENCLATURE 
OF ORGANIC COMPOUNDS 


The substitulive name of an organic cempound is based on its principal group and principal 
chain. 
The principal greup is assigned according to the following priorities: 


() O . (З 
| | 0 d | | 
— 4: — ОН (carboxyhe ас}: -€— 0— C — (tanhydride) 7 —C—OR tester! > 
O O {) 
| 
—C—X (acid halide} ^^ —C— NR, (amide) >> — Cz № tnitrile) - С EH (aldehyde) = 
{7 
—(;— (ketone) 7 — ОН falcohol, phenol) > —®Н (thiol) = — NR; famine} 


The principal chain is identified by applying the following erieria in order until a decision 
can be made. 


Махи number of substituents corresponding to the principal group 
Maximum number of double and triple bonds considered together 
Maximum length 

Maximum number of substituents cited as prefixes 


pg — 
т 4 — | - | a4 
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A principal chain is munbered by applying the following criteria in order until there is no 
ambiguity, Where multiple numbers are possible. comparisons are made at the fest point of 
dilterence. 


|. Lowest number forthe principal group cited as а suffix — thal is, the group on whieh the 
name is based 
3. Lowest numbers for multiple bonds. with double bonds his ing priority over triple Bonds 
in case of ambiguity 
. Lowest numbers for other substituents. laking into account the "first point of difference” 
rule tp. 62. rule В) 
+. Lowest number for the substituent named as a prefix that is cited tirst m the name 


"d 


The mane is constructed starting with the hydrocarbon corresponding to the principal 
chain. 


]. Cite the principal group by its sultix and number: its number is the Jast one cited in the 
name, 


E 


[F there ts no principal group, name the compound as a substituted hydrocarbon, 
3. Cite the names and numbers of the other substituents in alphabetical order at the hein 
ning of the name. 


These lists cover most of the cases cited in the text (See Study Problems 5.0 8.3, 
pp. 328—331. for illustrations.) Fora more complete discussion of nomenclature. see Annen- 
Claire of Organic Chemistry, 1979 Edition, by the International Union of Pure and Applied 
Chemistry, published by Pergamon Press. 

In 1993, the IUPAC released А Gde te IUPAC Nomenclature of Organic Compere! 
Recommendations 1995, by К. Panico, W. H, Powell. and Jean-Claude Richer (senior editori. 
Blackwell Science. This publication advocated one major change that affeets the nomene bu- 
ture of relatsely simple compounds. This change involves the wav thal principal groups are 
cited, The /993 Recommendations eue the principal greup or multiple bond position with a 
number preceding the suffix itself. whereas the /979 Recommendations (followed in this text 
eite the principal group or multiple bond position with a number preceding the hydrocarbon 
name. These differences are best illustrated Бу example. 


ILC—CHCH;CH-CH,— HOCH ,CH-CHCHsCH, О HOCELCH.CH.CH==CH. 


1979 Hecommendutius: | -pentene |-pentanoli 4-penten-1-oi 
1993 Reconimendatieus: pent-]-ene pentan- l-al pent-d-en-l-ol 


The F993 Recommendations Dave not vet been generally adopted. Thus, names that adhere 
lo either set of recommendations are acceptabie, 


APPENDIX Il. INFRARED ABSORPTIONS OF ORGANIC COMPOUNDS 


This table presents a summary of the important infrared absorptions discussed in thts text. For 
more detailed tables. the reader may wish to consult more specialized texts, such as fufrared 
Abserptien Spectroscopy, bw Kop Nakanishi and Philippa H. жолоп. San. Francisco: 
Holden-Das, 1977; or Organte Srructure Алача, by Philip Crews. Jaime Rodríguez. and 
Marcel Jaspars, 1998, Oxford Universtty Press; Chapter я, 
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Type of absorption Frequency, cm ' (Intensity)* Comment 


Alkanes 
C —H stretch 2850-3000 (mj occurs in all compounds with aliphatic C —H bands 
Alkenes 
C=C stretch 
—CH=CH, 1640 im) 
\ 
C—CH, 1655 (m) 
4 
others 1660-1675 (iw) not observed if alkene is symmetrical 
—(C—H stretch 3000-3100 (m) 
=C—H bend 
—CH=CH, 910-990 (s) 
D 
L—CH; 890 (5) 
/ 
Н 
КИШ 
C= 960-980 {5) 
y 
H 
H H 
R 
= 675-730 (5) position is highly variable 
H 
DL 
(C=C 800-840 (5) 
/ 
Alcohols and Phenols 
O—H stretch 3200-3400 (5) 
C—O stretch 1050-1250 {5} also present in other compounds with C—O bonds: 
ethers, esters, etc. 
Alkynes 
C=C stretch 2100-2200 (m) not present or weak in many internal alkynes 
=C—H stretch 3300 (s) present in 1-alkynes only 
Aromatic Compounds 
C=C stretch 1500, 1600 (s) two absorptions 
C—H bend 650-750 (5) 
overtone 1660-2000 {му 


*(s) = strong; (m) = medium; tw] = weak. 


(Table continues} 
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Type of absorption Frequency, cm ' (Intensity)* Comment 
Aldehydes 

C=O stretch 

ordinary 1720-1725 (5) 

a, B-unsaturated 1680-1690 (5) 

benzaldehydes 1700 {s) 
C—H stretch 2720 (m) 

Ketones 

C—O stretch 

ordinary 1710-1715 (5) increases with decreasing ring size (Table 21.3, 


c, B-unsaturated 
aryl ketones 


C—O stretch 
ardinary 
benzoic acids 


O—H stretch 
C=0 stretch 
( —0O stretch 
C—O stretch 
C —2Q stretch 
N—H bend 

N—H stretch 
C=N stretch 
N—H stretch 


p. 996) 
1670-1680 (5) 
1680-1690 (s) 
Carboxylic Acids 
1710 (5j 
1680-1690 (s) 
2400-3000 (s) very broad 


Esters and Lactones 


1735-1745 (5) increases with decreasing ring size (Table 21.3, 


p 996} | 
Acid Chlorides 


a second weaker band sometimes observed at 
1700-1750 


1800 {5) 


Anhydrides 


1760, 1820 (3) two bands; increases with decreasing ring size 


in cyclic anhydrides 


Amides and Lactams 


1650-1655 (s) increases with decreasing ring size (Table 21.3, 


p.996) 


1640 (s) 


doublet absorption observed for some 
primary amides 


3200-3400 (гп) 


Nitriles 


2200-2250 (т) 


Amines 
3200-3375 (m) several absorptions sometimes observed, 
especially for primary amines 


ug wr oc 


*(s) = strong: (m) = medium; (w) = weak, 
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APPENDIX 111. PROTON NMR CHEMICAL SHIFTS 
IN ORGANIC COMPOUNDS 


This appendix is subdivided into a table of chemical] shifts for protons that are part of functional 
groups and a table of chemical shifts for protons that are adjacent to functional groups. 


A. Protons within Functional Groups 


Group Chemical shift, ppm Group Chemical shift, ppm 
| | О 
—C—C--H 07-15 | 
DEI == 9-1] 
H О 
V d | 
C=C 4 6-5,7 —(—38—H 7.5-9,5 
um | 
—O—H varies with solvent and 
with acidity of O—H —C—NH— 0.5-1.5 
—( z9C—H 1.7-2.5 


go А NH— 2.5-3.5 
| 6.5-8.5 
X 


B. Protons Adjacent to Functional Groups 


[n this table. а range of chemical shifts is given for protons in the general environment 


H—C—u 


in which G is a group listed in column 1, and the two other bonds are to carbon or hydrogen. 
The remaining columns give the approximate chemical shifts for methyl protons (H,C—G), 


methylene protons (—CH,—G), апа methine protons ( — CH — С), respectively. The shifts 
in the following table are typical: some variation with structure of a few tenths of a ppm can be 
expected. The chemical shifts of methine protons are usually further downfield than those of 
methylene protons, which are further downfield than methyl protons. Each additional carbon 
substitution increases the chemical shift by 0.3-1.0 ppm. 
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Chemical shift of 


Chemical shift of Chemical shift of | 
Group, G H,C—G, ppm —CH,—G, ppm — СН — G, ppm 
=H 0.2 
—CR, 0.9 1.2 1.4 
—F 4.3 4.5 4.8 
— ĈI 3.0 3.4 40 
—Вг EI 3.4 4.1 
—| 2.2 3.2 4.2 
—CR=CR, 1.8 2.0 2.3 
{А = H, alkyl) 
-—— 1.8 2.2 2.8 
iR = alkyl, Н) 
29, 23 26 28 
RO— {R = alkyl, Н) 3.3 iR = alkyl) 3.4 3.6 
3.5 [R = Н) 
RO— (А = aryl) 3.7 40 4.6 
RS— (В = alkyl, Н) 2.4 25 3.0 
О 
| 2.1 {R = alkyl) 244 (А = alkyl) 2.6 (В = alkyl) 
co 2.6 (В = aryl) 2.7 (R = aryl} 3.4 (R = aryl) 
i 
RU—E— 2.4 2.2 2.5 
(R = alkyl, Н) 
О 
| 
CD 3.6 (Е = alkyl) 4.1 5.0 
(R = alkyl, Н) 3.8 (В = aryl) (R = alkyl, aryl) (В = alkyl, aryl) 
1 
| 
R;N—C— 2.0 2.2 2.4 
{Е = alkyl, Н) 
Q 
| 
Wu 2.8 3.4 3.8 
R 
[R = alkyl, Н) 
— МВ, 2.2 24 28 
{В = alkyl, H} 
258. 2.6 3.1 3.6 
R 
(А = alkyl, Н) 
М==с— PRU 24 29 
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APPENDIX IV. '*C NMR CHEMICAL SHIFTS 
IN ORGANIC COMPOUNDS 


This section 15 divided into a table of chemical shifts for carbons within functional groups and 
a table of chemical shifts for alkyl carbons adjacent to functional groups. A typical range of 
shifts is given for each case. 


A. Chemical Shifts of Carbons within Functional Groups 


Group Chemical shift range, ppm 
—CH, 8-23 
—CH,— 20-30 
| 
--CH— 21-33 
| 
а - 17-29 
| 
т 
= 105-150" 
\ 
—С=сС— 66-93* 
Ü 
| 
^U. 200-220 
i 
DES а R = H, alkyl 170-180 
| 
| 
An ak R = H, alkyl 165-175 
| 
H 
—C=N 110-120 


“Alkyl substitution typically increases chemical shift. 


B. Chemical Shifts of Carbons Adjacent to Functional Groups 
In most cases, alkyi substitution on the carbon increases chemical shift. Methyl carbons will 
have shifts in the low end of the range: tertiary and quaternary carbons will have shifts in the 
upper end of the range. 
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Group G Chemical shift of carbon in eh d 
R,C—CR— 14-40 
HCzetC — 18-28 
F— 83--91 
Ccl— 44-68 
Br— 32-65 
== 5-42 
HO— 62-70 
RO— R=alkyl, H 70-79 

О 

| 
Hn-— Е = alkyl, H 43-50 

| 

RO—C— К = alkyl, Н 33-44 
R,N— = alkyl, H 41-51 {R = H} 


53-60 {Ё = alkyl) 


NzC— 16-28 


The following methods are listed in order of their occurrence in the text; the section reference 
follows each reaction in parentheses. Thus, а review at any point in the text is possible by con- 
sidering the methods listed for earlier sections. 

Don t forget that in many cases, a method can be applied to compounds containing more 
than one functional group. Thus, catalytic hydrogenation can be used to convert phenols into 
alcohols, but it 1s listed under “Synthesis of Alkanes and Aromatic Hydrocarbons” because 
the actual transformation is the formation of —CH,—CH,— groups from —CH--CH— 
groups: the presence of the —OH group is incidental. 

Reaction summaries for each chapter are found in the Study Guide. 


A. Synthesis of Alkanes and Aromatic Hydrocarbons 


. Catalytic hydrogenation of alkenes (4.9A) 

. Protonolysis of Grignard or related reagents (8.8B) 

. Cyclopropane formation by the addition of carbenoids to alkenes (Simmons—Smith re- 
action: 9.8B) 

. Catalytic hydrogenation of alkynes (14.6A) 

. Friedei-Crafis alkylation of aromatic compounds (16.4E) 

. Catalytic hydrogenation of aromatic compounds (16.6) 

. Stille reaction of aryl triflates and aryl- or alkylstannanes to form substituted aromatic 
hydrocarbons (18.10B) 


a [ы — 


ы Ф 


-] Cà 


М. 
Ч. 
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Wolf Kishner or Clemmensen reductions of aldehydes or ketones 119.12; 
Reaction of aryldrazonium salts with hypophosphorous acid (23.104 ) 


B. Synthesis of Alkenes 


| 
2. 
3. Catalytic hydrogenation ot alkynes (gives eis-alkenes when used with internal alks nes; 


. B-Elimination reactions of alkyl halides or sulfonates (9.5, 10.3A. 17. 3BJ 


Acid-cataly zed denydrauon of alcohols (10.1) 


LOA) 
Reduction of alkynes with alkali metals in liquid ammoma (gives trans-ulkenes when 
used wilh internal ulkenes: 14.68) 


. Diels Alder reactions of dienes and alkenes to give evelic alkenes (15.3, 27.3) 

. Heck reaction of агу] halides and alkenes to give ars substituted alkenes (18.6A) 

. Suzuki coupling of aryl or sins ie halides with aryl or vinylic boronic acids (18.683 

. Alkene metathesis (18,60 

. Wiltige reaction of aldehydes and ketones (19.131 

2 Aldo! condensation reactions of aldehydes or ketones to give e -unsaturated aldehydes 


or ketones (22 4) 


. Hofmann elimination of quaternary ammonium hydroxides (293,8) 


C. Synthesis of Alkynes 


3 


Afkvlation of acetylenic anions with alkyl halides or sulfonates (C14. 7B] 
B-Elimination reactions of alkyl dihalides or ving lie halides (18.2) 


D. Synthesis of Alkyl, Aryl, and Vinylic Halides 


Addition of hydrogen halides to alkenes (4.7, ТА ФА 

Addition of halogens 10 alkenes to give vicinal dihalides (5.2) 

Peroxide-promoted addition of HHBr to ulkenes (5.6) 

Addition of halogens or HBr to alkynes (144) 

Synthesis of dthalocyclopropanes by the addition of dihalomethylene to alkenes (Y8A) 
Reaction of alcohols with HBr, thionyl chloride. or phosphorus tribromide (1.2. 10.3[), 
1.1) 

Reaction of sulfonate esters or other alks | halides with halide tons (ТОЛА, 17.4) 


‚ Malogenation of aromatic compounds (16.4A) 


Adlylic and benzylic bramination of alkenes or aromatic hydrocarbons (1 7.2] 


. a-Halogenation of aldehydes, ketones, or carboxylic acids (22.3.0) 
, Synthesis of arvd halides by the reaction of cuprous chloride, cuprous bromide. or potas- 


sium iodide with aryldiavonium salts tSandineser and related reactions: 23, 10A) 


E. Synthesis of Grignard Reagents and Related 
Organometallic Compounds 


I: 
, Preparation of Пути dialkyleuprates by the reaction of alkyllithium reagents with 


3 


aet 


Reaction of alkyl or ary] halides with metals (В.М А) 


cuprous halides (1 EAC) 


, Preparation of acetylenic Cirignard reagents by the metal-hydrogen exchange (147A) 
. Preparation of alkyl- and arylstannanes by the reaction of Grignard reagents with 


triafkylstanny] chlorides t 18.9B) 
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F. Synthesis of Alcohols and Phenols 


(Syntheses apply only to alcohols unless noted others ise.) 


]. 


Acid-catals zed hs dration of alkenes (used industrially. but generally not a good fabora- 
tory method: 4.9131 

Synthesis of halohvdrins from alkenes (5.26) 

Oxymereuration. reduction ol alkenes (5.441 

H*suroboration-exidatien of alkenes (3.413) 

Ring-opening reactions af epoxides t1] 4A. B 


. Reaction ol ethylene oxide with Grignard reagents C1 1.47) 


Reaction of epoxides with lithium oreanocuprates (1) .4C 4 
Reduction of aldehydes or ketones (19.3, 22.9. FE RDI 


. Reaction of aldehydes or ketones with Grignard or related reagents (19.9. 22 10А) 


Reduction of carboxylic acids to primary alcohols (20. 104 


. Reduction of esters to primary alcohols ILYA) 
. Reaction of esters with Grignard or related reagents (21.103) 
. Aldol addition reactions of aldehydes or some ketones to give B-hydrovy aldehydes or 


ketones (23 4) 


4. Reaction of diazomum salts with water to give phenols £23. 0A 1 


J Synthesis of phenots hy the Claisen rearrangement ef allylic ary bethers (27.48 1 


G. Synthesis of Glycols 


^ 


Aeld-cataly zed hydrolysis of epoxides (EI 4B) 
Reaction of alkenes with osmium telroxme or alkaline potassium permanganate (11.51 


H. Synthesis of Ethers, Acetals, and Sulfides 


Alkylation of alkoxides; phenoxides, or thiolates with alkyl halides or айкы sulfonates 
(Williamson synthesis: ТЕЛА 187Н, 24.7) 

Alkoxymercuration reduction of alkenes £11.1 В! 

Aci-cataly zud dehydration of alcohols (ELLO 

Acid-catalyzed addition of ileohols to alkenes (11.1) 

Reaction of epoxides with alkoxides and alcohols (11.4. B: 


. Reaction of 2- and 4-niroary] halides with atkaxides (18.47 
. Acelal formation By the acid-catalvzed reaction of alcohols with aldehydes or ketones 


(lO TOA. 24.6) 


Conjugate addition of thiols ta eB unsaturated carbons | compounds (228A) 


I. Synthesis of Epoxides 


| 
E 
Е 
Л 


Oxidation of alkenes with perosvearboxylie acids ЛА! 
Cyelizauon of hilohydrins i11.2B) 
Asymmetric epoxidation ol allviie akeohbols 111.10) 


J. Synthesis of Disulfides 


k 


Oxtdauon of thiols (16,9, 26.81 
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K. Synthesis of Aldehydes 


і. 
RS 
1 


Ozonols sis of alkenes (db limited utiiity because carbon—curbon bonds are broken; 5.5) 
Oxidation of primars alcohols t 10.6) 


. Oxidatie cleavage of elyeols tof тей utility because carbon-carbon bonds are bro- 


ken: ТАВ. 22. 8C 
Hxuroboration әк шин ОГ alkynes t1 4.5 Bi 
Oxidation of alls fie and benzs lie alcohols with Mnt. (Sec. 75A 


. Reduction ef acid chlorides (21.9 DJ 
2 Ае addition reactions of aldehydes to give B-hsdroxy aldehydes (22.4) 


АМ condensation reactions of aldehydes lo sive e -unsaturated aldehydes (22.4) 


. Synthesis of akloses from other aldoses by the Kiliani- Fischer synthesis (24.9) and the 


Rulf degradation (24.10) 


L. Synthesis of Ketones 


l. 
en 
л 


Ovonolysis of alkenes tof limited utility because carbon carbon bonds аге broken: 5,5] 
Oxidation of secondary alcohols (ILGA; 


‚ Oxidatise cleavage of усех (of limited utility because carhon-carbon bonds are Bro- 


ken; АВ) 


. Mercuric-ion catalyzed hydration of alkynes (14.50 
. Friedel-Crafts acy lation of aromatic compounds i 16.4! 
‚ Oxidation of phenols to quinones (18.8) 


Reaction ol acit chlorides with hibium dialkvicuprates (2.1033 


. АНЕ condensation reactions of ketones lo eive с, f-unsaturated Ketones (22.4) 
. Chasen und чапат condensation reactions of esters to give -kelo esters (22.54, 


В) 


| Crossed Claisen condensation reactions of esters to give B-diketones (22.50) 
‚ Avetoucetic ester synthesis (22.70) 
o Conjugate addition reactions of e B-unsaturated Ketones (22.8). including the addition 


of lithium diilkyleuprate reagents 122, 0B) 


M. Synthesis of Sulfoxides and Sulfones 


Oxidation of suliides (11.81 


N. Synthesis of Carboxylic and Sulfonic Acids 


tx ntheses apply only to carboxylic acids unless noted орогу ise! 


Jc d — 


. Ozonols sis ol alkenes tof limited utility because carbon carbon bonds are broken: 5.5] 
. Oxidation of primary alvohols t10.6B) 

. Oxidation ot tHuis to sulfonic acids (10.93 

| Sulfonation of arematic compounds to eive anvIsultonie алах 16.43, 20.6) 

. Stde-chain oxidation of alks Ibenzenes (17.3) 

. Oxidation of aldehydes (19.141 

‚ Reaction of Grignard or related reagents with carbon dioxide (20.61 

‚ Hydrol sis of carboss Hg acid derivatives. especially nitriles (21,7, 21.1 1. 26.7) 

. Haloform reaction of metis] ketones (of limited utility because carbon. carbon bonds 


are broken: 22.31) 
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10. Malone ester synthesis (22.6A, 26.4B) 
11. Strecker synthesis of e-amino acids (26.4C) 


O. Synthesis of Esters 


I. Reaction of alcohols ami phenols with sultony] chlorides (for sulfonate esters; 10.34, 
| 8. OB) 

, Acid-catalyzed esterification of carboxylic acids with primary or secondary. aicohiols 
(20.8 A. 24.7, 26.51 

‚ Alkylation of carboxylic acids with diazomethane {20),8В) 

. Alkylation of carboxylate salts with alkyl halides (20.8B1 

. Reaction of acid chlorides, anhydrides, or esters with alcohols and phenols (21.8. 24.7] 

. Clasen and Dieckmann condensation reactions of esters to итуе B-keto esters (22. А.В) 

. Alkylation of ester enolate ions: includes malonte ester synthesis, acetoacetic ester syn- 
thesis. and direct alkylation (22.7) 

б. Conjugate addition reactions of @.f-unsaturated esters (22.8. 22. 10B) 


1.2 


=] D мл e 1 


Р. Synthesis of Anhydrides 


|. Reaction of carboxylic acids with dehydrating agents (20.9 B) 
2. Reaction of acid chlorides with carboxylate salts (21.8À3 


Q. Synthesis of Acid Chlorides 


|. Reaction of carboxylic or sulfonic acids with thionyl chloride. phosphorus pentachlo- 
ride, or related reagents (20.94 | 
2, Synthesis of sulfonyl halides by chlorosulfonation of aromatic compounds {209A i 


R. Synthesis of Amides 


|. Reaction of acid chlorides. anhydrides, or esters with amines (21.8. 23,7С 26.51 
2, Condensation of amines and carboxylic acids with dicyelohexs lcarbodimide (26.6) 


S. Synthesis of Nitriles 


1. Formation of evanohvdrins from aldehydes and some ketones (19,7 A.B. 24.9) 

J. Reaction of alkyl halides or alkyl sulfonates with cyanide ton (21.003 

4, Conjugate addition of cyanide ton to e B-unsaturated vcarhonyi comnpounds (228A) 
4. Reaction of cuprous cyanide with arvIdigzonium salts (23.104) 


T. Synthesis of Amines 


Reduction of amides (21.96) 

Reduction of nitriles to primary amines (21.9C) 

Direct alkylation of ammonia or amines (of limited utility because of the possibility of 
over-alkylation: 23,74. 26.44) 

Reductive amination of aldehydes and ketones (23.7 B) 

Aromatic substitution reactions of aniline derivatives (23,9) 

Gabriel synthesis of primary amines (23.1 1A) 

Reduction of nitro compounds 423.113) 


"et pg — 


DID 


М. 


APPENDIX V. SUMMARY OF SYNTHETIC METHODS A-13 


Pu-catalyzed апрпаполп of ary! halides and tritlates (23.11€) 


9. Curtius and Hofmann rearrangements (23.7 1D) 


U. Synthesis of Nitro Compounds 


|. 


Nitration of aromatic compounds (16.40. 18.9) 


APPENDIX VI. REACTIONS USED TO FORM 
CARBON-CARBON BONDS 


Reactions that form carbon. carbon bonds have central importance in organic chemistry. be- 


cause these reactions can be used to form carbon chains or rings. These reactions are Bsted їп 
the order in which they are discussed in the text. The section reference follows each reaction 
In parentheses. 


‘al 


Pon ew 


— I E ea Den do. 9 рә — 


‚ Cyclopropane formation by addition of carbenes or carbenoids to alkenes (9.8) 
. Reaction of Grignard reagents with ethylene oxide (11.46 

. Reaction of epoxides with Ишт organocuprates (7 14€] 

. Reaction of acetylenic anions with alkyl halides or sulfonates (12.781 

. Diels-Alder reactions (15.3. 27,31 

, Friedel-Crafts alkylation (16.4) and ues lation reactions (16.469) 

. The Heck reaction of atkenes with aryl halides (18.5E? 


Suzuki coupling of aryl or vinylic halides with ary] or vinylic boronic acids (18.6B) 


. Alkene metathesis 618.6C 

. The Stille reaction of organostannanes with aryl tnilates (18.9B) 

‚ Cvanohydrin formation (19.7. 24.9, 26.4C I 

. Reaction of Grignard and related reagents with aldehydes and ketones (19.9) 
. Wittig alkene synthesis (19.13) 

. Reaction of Grignard and refated reagents with aldehydes and Ketones (20.6) 
. Reaction of Grignard and related reagents with esters (21.104) 

. Reaction of lithium dialkvIeuprates with acid chlorides (21. 10B} 

|7. 
. Alda] addition and condensation reuctions (22.4) 

‚ Clasen and related condensation reactions (22.5) 

. Maulome ester synthesis (22, 7A. 26.48) 

‚ Alkylation of ester enolate ions with alkyl halides or sultonates (22.768) 


Reaction of cyanide ion with alkyl halides or sulfonates (21.11) 


. Acetaacetie ester synthesis (22, 7C 
. Conjugate-addition reactions of cyanide ion (228A) or enolate tons (22 8C) to e g-un- 


suturated carbons | compounds 


. Conjuvate addition of lithium dialkyicuprate reagents lo ec B-unsuturated carbonyl com- 


pounds (22. 1OB ) 


. Reaction of arvldiazonium salts with cuprous eyanide 123.104 i 
. Formation of rings by electrocyelie reactions 27.23 
‚ Съст rearrangement (27 4B: 
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OF ORGANIC FUNCTIONAL GROUPS 


APPENDICES 


A. 


Acidities of Groups That lonize to Give Anionic Conjugate Bases 


Structure of 
Functional group Structure* conjugate base Typical pK, 
o о 
| | 
sulfonic acid it fui: R— rud « 1 (strong acid} 
ü О 
0 0 
| 
carboxylic acid I—E—0-—W R—C—0- 3-5 
phenol & jo & jo 9-11 
X X 
thiol R—S—H R—S^ 9-11 
ў Н о 
і | 1 2 
sulfonamide gm on ome E 10 
О О 
О H 
| | Du 
amide R—€C—N—R R—C—N—R 15-17 
alcohol R—O0-—H 6—0“ 15-19 
LI | 
| не 
aldehyde, ketone R—C—CR; R—C—CR; 17-20 
H О О 
| | _ 0 
ester Ry —C— OR R2C-—C—OR 25 
alkyne R—C=C—H R—C=>=C~ 25 
H 
| З 
nitrile А.С — CESN R,C—C=N 25 
amine R;N—H К.М 32 
В H R 
М uf b 
alkene C=C C=C" 42 
if EU 
R R R R 
H 
benzylic alkyl | _ 
group Ár—CR; Аг (CR, 42 
alkane R,C—H RC 55-60 


“In the structures, R = alkyl or H, The acidic hydrogen is shown in red, 
ty = а general ring substituent group. 
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Basicities of Groups That Protonate to Give Cationic 
Conjugate Acids 


One should be careful to distinguish between the behavior of a particular functional group as 
an acid and the same functional group ав а base. For example, when an alcohol acid acts as an 
acid, it loses the RO—H proton to form an alkoxide (see the table in part A of this section.) 
When it acts as a base, it gains a proton to form ROH,. These are very different processes with 
different pK, values. When we discuss the acidity of an alcohol, the relevant pK, 15 that for the 
alcohol itself (see the table in part A). This same pK, describes the basicity of the alkoxide, 
RO”, which is the conjugate base of the alcohol. When we discuss the basicity of the alcohol 
itself, the relevant p&, is the value for the acidity of ROH,, given in the following table, 


Structure of Typical conjugate- 
Functional group Structure*,* conjugate acid*,* acid pK, 
alkylamine RN RN—H 9—11 
` X 
pyridine Д N C N*-—H 5 
K” м— == 
H 
i 
aromatic amine & pone € 29^ 4-5 
+ 
X X 
QU 
О Ыы. 
l | 
amide R—C—NR; R—C—MR; -1 
H 
| 
alcohol, ether R—O—R R—O—R -2 dm —5 
„Н 
ore 
ester, carboxylic | | 
acid R—tC— OR R—C—OR -6 
H 
" | 
phenol, aromatic ether’ OR OR hu 
+ 
X X 
H 
І 
thiol, sulfide R—5—R R—5—R -6 to —7 
aldehyde, ketone R—C-—R R—C—R —7 


‘In the structures, R = alkyl or H. In the conjugate acid, the acidic hydrogen is shown in red. 

tX — a general ring substituent group. 

ГА phenol or aromatic ether can be protonated on a ring carbon if the resulting carbocation can be strongly stabilized 
by the substituent groups. 


(Table continues] 
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Structure of 


Functional group Structure* conjugate acid 
R R R ! 
: ' `+ | 
alkene C € C—EC—R 
nitrile R—C=N R—C=N—H 


Typical conjugate- 
acid pK, 


“Inthe structures,R alkyl or H. 
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Figure 2.11 The source of the historical ice-core CO, data is D. M. Etheridge, Division of 
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(hy the Society of Nuclear Medicine. 


Figure 12.17 Muss spectra courtesy of Dr. Karl V. Wood and the Purdue University Mass 
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Figure 26.16 Coordinates courtesy of Abbott Laboratories, 


IR Spectra Adapted tram the Аййй Library ef FT. IR Spectra; Charles J. Pouehiert; Ed- 
Hor Copyright 62/1997 by the Addrigh Chemical Company. and used with permission. Fhese 
spectra are found in Figures 12.4. 12.7. 13.40. TATL 13:12. 13.13, P1226, P1327. P232, 
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Mass Spectra Mass spectra not separately acknow ledged in the foregoing credits are from 
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with alcohols and phenols, 
ЕЕЕ 135: 
w thi ammonia and amines, 
(Не Ols 
with curboss Hates, ТОТУ 
with иш dialksleuprates. 1031 
with sodium azide. 1152 
Acid halides. See also АСЫ chlorides 
nomenclature. 988 
Acidity. See Bronsted acids 
ACO, abbreviation for acetoxy group. 
1073: 
Ашок. 91 
Acrybe acid. 950/ 
АШУ, 958: 
Acrylonitrile 
сөпше е- ап reactions; 1093 
with ammonia. 1132 
A^Activaning group. in electrophilic 
aromatic subsitution. 768 
Actus ating-deactivating effects 
adf substituents in electrophilic 
aromatic substitution, 765—772 
in organic syntheses, 773-776 
Active sie, of an enzyme, E315 
Асу azides 
Curtius rearrangement, 1150-1152 
preparatami. 1152 
Acs) carrier protein. 1082 
Асу group, 760, NUT 
deactivating and directing effect in 
electrophilic aromatic 
»ubstitution, 7637 
Aga] hydrazides. preparation. 1 £32 
Oe Асу| shiti, 1287 
Acs] substituon. 1004 
Avs latiino group. activating and 
directing effect in electrophilie 
aromatic substitution, 763; 
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Avcv[asc. hos hades. in enantiomer 
resolution ef a-umimo acids, 1282 
Acylation, 739 
al amines, 11 35-1136 
ab amino acids. 1282 
Acv|-enzyme. in trypsin catalysis, 1316 
O- Acvlrsourea. in solid-phase peptide 
anthesis. [287 
ACV ion. intermediate 
in Friedel-Craits acylation. 760 
in peptide fraiementation in mass 
Speetremetrs; 13060 
Avcyloxy group, activating and directing 
effect in electrophiiie aromilic 
хамиро, 7637 
] H- Addition, See Conjugate addition 
Addition, conjugate. See Conjugate 
зоп 
Addition reactions 
repetition sw n [rec-radical 
substitulion, 793. 796 
electrophilic. 181 
mtreductien and overview. 178. 181 
nucleephilie, to e B-unsaturated 
carbon | compounds. See 
Conjugate addition 
of alkenes, 147, 175-219, See ulisi 
хр addition reactions. e.g. 
]alroboration 
sterecchemisiry. 35-3006 
or ul ky nes, 652-662 
af carbons] groups, 907. УРА. See afe 
^ucleophilte carbonyl addition 
ac udl-catalyzvd. 909-9 0 
factors eonteellines euuidibria. 
910-912 
in achd-eatilvzed esterificuton, 967 
rates, 913 
stereochemistry, 808-909 
Stereochemistry, 306. See afso specitic 
reactions, ec. А Ко. 
hydrohoration 
Addition polymer, 214 
Adenine. 1246 
Adenosine, 1247: 
Adenosine triphosphate. See ATP 
S-Adenossiimethionine, 509-5 10) 
Adenslig аси, 12471 
Adipic шл, 950r 
acidity, 958r 
starting material [or avlon synthesis, 
134 
Adriamsvetn, 864 
Acrowinosin-B, 1322р 


AIBN Алса уге), as [ree 
radical ог, 203 
Alanine. structure and properties, 12687 
Alcohol dehydrogenase 
enzyme tor ethanol oxidation. 442 
SAUereochemisirsy of ethanol oxidation, 
49—47 | 
Alcohols, 323 
avidity. 355-359 
gas-phase, and role of soliem. 
ЗАҢ AAY 
polar effects; 358 
allvlie and benzylic, reaction will 
hydrogen halides. 792 
basicity. 3890-3660 
boiling points, 333 -336 
vlassitication, 323 
[rim ether cleavage with hydrogen 
halides. 492 495 
IR spectroscopy, 556 557 
ММК spectroscopy, 616-614 
nomenclature, 326 -3 4) 
preparation 
alkene hydration. 169-172 
catals be Aydroge nition of aldehydes 
and Ketones, 917 
Grignard reactions of aldehydes and 
ketones, Ута Yl 
hydride reduction ol aldehydes and 
ketones, 414-916 
hydride reduction et earboss Hte 
acids. 974—975 
hydride reduction of esters. 
1022 ПА 
ах та reduction of ketones, ТОО 
hy droboration-eoxidation of alkenes. 
НЫС 1935 
axy mereuranon- reduction ob 
alkenes, 187-190 
reaction of alcohols with еро, 
+95, JUR 
reaction of Grignand amd 
organolithium reagents with 
esi/eTs, 1029. [031 
takin of баспа reagents with 
ethylene oxide, AI AQ] 
reaction of arganohithium reagents with 
ce B-unsaturatéd carbonyl 
compounds, 1102 
summary, 474 
primary, 323 
products ol ester hydrolysis. 
OOJ- 006 
protection as THP ethers, 94395 


POU TIOTIS 

acetal Formation, 92]. 924 

addition to alkenes. 485. 487 

alkoxvimereuration. reduction, 
454—185 

Ауа and benzylie oxidation, 
SOL AOS 

anionic oky Cope rearrangement. 
136] 1362 

asy mmeltrie epoxidation ef allylic 
alcohols, 522-524 

conversion into alkoxides, 356 

debs dration to alkenes, 436—414 

Fischer esteriliealion of carhoxylie 
acids, FOR Ute 

ladolorn reaction, O&O) 

oxidation te aldehydes and ketones, 
159-61) 

axidaien to carbosylie acids, 461 

primary, 3523 

preparation of alks] halides. 
»"ummars, 450 A51 

tertiary. 323 

Williamson ether synthesis. 482 +54 

wilh acid chlorides. ИК 

with anhydrides. 10]U 

with epoxides. 495 

with hydrogen halides, 440 -H3 

with mocyanales. 1151 

With monosaechardes, 11338 


with phosphorus inhromide, 149-450 


with sulfonyl chlorides, 444 
with thionyl chloride, 449 
with triflie anhydride, 446 
»«ceendary, 323 
structure, 332—333 
tertiary. 323 
Aldarie acid, 1193: 
in proof of 2íucose stereochemistry, 
[700-1 203 
lactones and dilactones. (193 
preparation bs oxidation of aldoses, 
1195 
Aldehydes, ХЕК 889 
acid-catalyvzed c-hydrogen exchange. 
ЕЯ 
acid-catalyzed racemization at the e- 
carbon, 1056 
acidi. 1048-105] 
hase-cababvzed exchange of tr- 
hydrogens. LOS] 
hase-eatalyvzed racemization ab the ce 
varhan, 1052 
бамы, 904-906 


UC NMR spectroscopy, NUS 

enolization, [083-1057 

-halo nucleophile substitution 
reactions; 1062 


hydrates. intermediates in oxidation to 


abosi die acids, 490 
a-hydrosvy 


intermediates in periodate oxidation 


of carbohisdrates. 1196 
preparation. 1063-1064 
B-hydross 
dehydration in aldol condensation, 
1065 - 106 
products at aldol addition, 
1063 — [Oho 
intermediates 
in LiAIH, reduction of esters; 1022 
in LAATH, reduction of earhoxvlic 
acids. 975 
in mularotution of psranoses, 153 
IR spectroscopy, BOS 897, офу 
Tass spectrometry, 90]. 902 
7 molecular orbitals. 889, 909 
NMR spectroscopy, 897. МН 
nomenclature; 890—894 
physical properties. ОЈ 895 
preparation 
alcohol oxidation, 459-60 


hs droboration-exidatien of alkynes. 


555-659 

from acid chlorides. 027-1028 

MnO, oxidation or allylic and 
henzylie alcohols. SO3 -805 

ozonolysis of alkenes. 197-199 

reactions 

acetal formation, 921. 924 

acid-catalyzed e-halogenation. 
lS? 1058 

autoxidation. 9317 

base-promoted «a-halegenation, 
159-1038 

gatah ie hydrogenation. 917 

Clemmensen reduction, 932-933 

evanohs drin formation, 907—909 

hydration, 907, 909—910. OT Tr 

hydride reduction to aleohiuls. 
914-917 

intresduetion, 903—905 

oxidation to carboxylic acids, 
936 ЧАЛ, L 130 

reducti e amination, 11335-1135 

Strecker synthesis. 1280. 128] 

with amines, 926—930 
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with anions from N-alkyIpyrulinium 
salts. 1240 
with anions from a-picolines. 1239 
with Grignard reagents, 9 [8 O20 
Winte alkene synthesis. 933-936 
Wolfr-Kishner reaction, 93] 2033 
ШМ spectroscopy, 899-903 
Alder. Kurt. 690 
Ане]. 1193 
АК. preparation By aldose 
reduction. 1197—] 198 
Aldohexose, E167 
Atdot addition, 1063-107]. 1064 
Lo Jithin enolates of esters; (ORS 
Aldel condensation, 1064 1071 
acul-catalvzed, 1056—1067 
баме-сшаһ sed. 1065. 1066 
Claisen-Schmidt condensation, 1068 
crossed, 1067-1069 
in organie synthesis, 10780-4107 | 
imnirameltecular. 10069 
Aldol reactions. See Aldol addition: 
Aldel condensation 
Aldol 1063, 1064 
Aldolase, HY7Up 
Aldonic acids, 11937 
preparation by oxidation of aldoses. 
1194 
Allonolactones. formation from aldonic 
acids, 1194 
Aldoses. 1167 
anomers imn cyclic structures, 
1] 79-1142 
успе structures, 1178-1182 
preparation hy Kiliani-Fischer 
synthesis. [198-1199 
preparation hy Ruf degradation, [204 
reactions 
buse-catalyved isomerizulion. 
IL 86-1187 
oxidalion to aldarie acids, rele in 
Fischer proof. 1201-1203 
oxidation to aldonte acides; 1194 
reduction to alditols. 1197-1198 
RIuli-catabyzed decarbonm lation. 
Міёр 
Sructures, ВУ 
Alarm yellow B. 11597 
Alkaloids, 1155-1156 
Alkanes, 47, 46 -81. See cise 
Cyeloualkanes 
acidity, 66 
as motor fuels, «t 
às nonpolar molecules. 74 
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Alkanes бее 
boiling paints, 70-73 
combustion. 76-78 
conformations, АП 57 
densities, 75 
IR spectoseops, 552 
meling ponts; 73—74 
ММК spectroscopy, 614-615 
homencdiature, 59-64, 374. 32 
normal, 48, 4&8 УӘ 
умса properties, 48: 
eevurmmenee amd use; 78. Ai 
preparation 
valaly tie hydrogenation of alkenes, 
las [69 
pritenols sis of renard and 
erganoelithium reagents. 563 
Wo]. Kashaer and Clemmensen 
reductions; УАТ 933 
TUTORIS 
alls le amd benzs lig hromination, 
794-797 
тек-гана halosenanon. 365-366 
water solubili. 75 
Alkene metathesis. See Alkenes. 
е ЛОМ 
Alkenes. #7. 122. See aise Dienes 
avidity, 663 
of allvlie hydrogens, 798 
venjuealecd 
7 molecular orbitals. 1336. [3460 
UN -Kis speelrascapy, 687-60 
evel. See Cyeloalkenes 
heats of formation, 142. 1447 
mndustrial source and uses, 216. 217 
IR spectroscopy, 553. SSS. SSA 
molecular orhitals, 125 127 
NAIR spectroscopy, 612 614 
nomeneluiure. 31-1234. 643 
Ө stereoisammers, 134 138 
orbital hybridization, 123-125 
phxsical properties, 140 14i 
preparation 
alcohol debs dration following 
Grignard reactions, 920 
alkene теби, 852. 8536 
calal по hs«drogenation of alkynes, 
HAG) Abt 
deb aration of alcohols, 436 440 
Dich Adler reaction. 690-70 [351 
F2 reaction of alka 1 halides, 410s, 
Fram other alkenes, 1361 
Hofmann elimination, 1136. 1137 
reduction of alkanes with Na/ Н, 
hot -662 


See index Guide on page I-1 


Suzuki coupling. 845-851 
Wig synthesis, 033 036 
products of E2 reaction, 406 407 
products ol So) E reactions; 416 417 
Poem. 
addition of hydrogen halides, 
147 150, 154—137 
reaction rales, E57. Теб 
reg ioselectivity, 48-154 
adalrtion reactions; 1437, 178-2108. Sec 
disc specie addition тео. 
wi. Ha droboranen 
addition et аво, 485—187 
alkene metathesis, 882-856 
mechani. бр 
ning-opening рану поган 
(ROMP), ХКОр 
HEROS mercuratien reduction, 
454 -185 
alls he brominaition, 795-796 
ass mmetrie epexilation, 522-824 
brome addition, ES] 183 
stereochemistry, ЗО 31] 
valalyte hydrogenation, 168. 169 
Mercochemists, 313 
Cope rearrangement, 1361 
Dies Alder reaction, 690 700, 135] 
free-rlical addition of HBr. 
2U(1- 26) 
free-radical pedymerization, 214-216 
halogen addition, 183.183 
halehs drin formation, 183-185 
Heck reaction, 843-848 
hydration, $69 177 
hyilreboratien. 179, VA} 19? 
hyalrehoration-x sation. L [Os 
stereochemistry, 312-313 
axymereuration-reduetion, E87. [90 
SXereochemisirs; 213—214 
еле. 96-199 
Simmens -Sminh reaction. 426—127 
with dichlorevarbene, 425—426 
with OO) and KMnO,, 503-305 
with peroxs acids, 488—190 
relative stability ot pomers. 144—147 
«tructure amd bending. 122-7131 
Alkoxules; 355 
lormatien Prom alcohols, 336 
reaclions 
anne GAA Cone rearrangement, 
1561-1362 
Williamsun ether s nthesis, ДА 484 
wih epoxides, 495—197 
Alkos epp, activating and «lirecttne 
effect in elecirophidie aromaty 


substipution, 7683, 764-765, 
TON TH) 
ti-Aikoxy carhoculions, See 
Carbovulbtens, -alkoxy 
AlKoxymereuration reduction, 484. +83 
АК алеях, 662 
Alkyl Huarides, IR absorption, 552 АЛА 
МКУ groups. 60 
activating: and directing effect in 
electrephilie aromatig 
substitution. 763r. 766 
АКМ halides, 323 
alls lie and benzylic, sods oli st rales, 
Tut 
as аТап agents, 447 
benz lic. in solid-phase рерин 
Synthesis, 1285 
hinting points, 333 335 
Classification, 323 
from ether cleavage with hydrogen 
halides. 492495 
trom free-radical halosenation of 
alkanes, 304. 3645 
IR spectroscopy, 532. 553 
AMR spectroscopy, 616 
preparatien 
alls We and беп, 794 797 
hydregen-halide addition io alkenes, 
|47 154 
free-radical addition of HBr te 
alkenes, 200. 20H 
tram aleohots, summary. 4560-45 | 
ol hs | bromides wih phosphorus 
inihromide. 449—450 
of КА l chlorides with Ihion I 
chloride, 449 
reaction et alcohols with hidrogen 
манех. 420—123 
primary, 413 
ИШЛЕ 
ülks ation of amines. 1631-1132 
alksdation of S-keto esters. 
ТОВУ 1009] 
alks lation ad {Инш enolares. 
ма LORS 
E2 reactions, 400 | | 
Lormation at Grignard anu 
organelithium reagents, 6 [7 A62 
Gabriel ss nthiests of amines, 
1145-1146 
malenic ester synthesis. ТОУ [086 
S. 2 reactions, 386-399 
With acen lene anions; 665-606 
With carbons date tons. 969- 9761 
with ex amie ion. 1042-1034 


wir phosphines in the Witte 
synthesis, 934—936 
scvondary, 323 
structure, 332. 333 
tertiary, 323 
lacs, 465-468 
АА latine agents. 447 
renetion wil DX AL 1253 ИКЕ 
reaction with curhobyarates, 
1191 1197 
Alkslbenzenes 
acidity, of henzyTie hydrogens. 708 
preparan 
Friedel Crafts alkylation, 756-759 
Sulle reaction, 873 
Wolt Kishner and Clemmensen 
reductions. ОАЕ 933 
Te detis 
hens he hromination, 794 - 7977 
oxidation to benzolt acid derivati es. 
SOS -8OT 
N-AlkvIpsridinium salts. See Ps ridinium 
Salts; Malls | 
Alkynes, 47, 44, 644-675 
Huis of T-alkvnes, 6682-665 
CC КМИ spectroscopy, 632 
heats ef онат. 67 7r 
in erganie ss Пел, 6660-665 
ІК spectroscopy, 649 650 
ММК. spectroscopy, 6507633 
nomenclature. 644 646 
occurrenee and use, O70) 
physical properties. 649 
preparation. from alkyl haliles ind 


ageh denig anions. бая 666 
reactions 
addition ot HBr, 652-2633 
valai tiy hy drogenanon. 638-6640 
hyalrattan, 654-7657 
hyilroboration-esidation,: 657-659 
игшп. БА 654 
reduction with МаН. 660-662 
Wilh sodium amide. 662-665 
structure and bonding. 646 649 
Alksns1 groups, 645 
Allene. 676 
LPM, 682 
pihi m orbitals. ОАР 
мачит, 8535; 
Alenes. See Dienes. vumalated 
Alleisoleucine, 1271р 
ly (te АШ, 1744 
Albathreaning, [1271 
Allowed perieselte reactions, (346 
Ally! айган, heat of formation. ГОЧА 


АИА anion. 14р, 703p, 748 
molecular orbitals, 1344-1341 
ATIS T cation, 789 
БРАТ, ТОЧ 
molecular ога. 703. | 340-1341 
АПУ chloride, alls lie rate accelerauon in 
S. 2 reaction, SUO? 
Als I group. 133, 324 
All radical 
melecutar orbitals. 1340 
Tesonanmee strictures, ЈА 
All lig anions, stability. 795 
АШ пе hrominanon with NBS, 795-797 
ATB Tic cations, See Сатоси. 
alls ez ATi] eauen 
Al ie groups; 788 
reactivity, 788 82] 
АНУ hydrogens 
acidity, 708 
[2 reactions inveds ine; SOH 
Alis lie protons, in NAIR spectroscopy, 
hl 2-613 
Allie radical; 793 
АШ He radicals: enthalpies of formation. 
704 
Ali te rearrangement. dee 
Rearrangement ally hie 
D-tiA rose, ТЇЇ 
A^luminumiHirtichlorde 
—Cratts avy lation. 


vatals «in Friede 
239-75] 
catalyst in Friedel Crafts alls lation, 
TAR-TRU 
Alzheimers disease, 5198, 1343 
Amador rearrangement, PITA 
Ambient nucleophile. 431p 
Amide anion. 663 
Anies 
acidity, 1050 
basicity, [00]. 10027 
Атоо. iniermediates in Hermann 
rearrangement, 1153 
C NMR spectroscops, ТОПО 
«ахмат, 9X 
vcontormaülions at C N роп, 993 
vconjugate bases eb amines; 1125-11 29 
internal rotation, ЧА 
IR speetreseops. Sun. Чун 
ММК spectroscopy. 997. MKN 
nomenclature, US O9n 
оге тан im peptides. 1309 
phy sical properties, 905 
condensation of earhoxs tie acids and 
amines, P034 


INDEX 1-5 


hydride reducti of cumides, 
023-1025 
reaction of acid сех wath 
ита and amines. Dle HOIS 
primar. 94t 
reac ions 
Hofmann rearrangement 1152. 1154 
hs ridi reduction te amines, 
1023. [025 
у оу «is. JAKIS [609 
срогу, УЧУН 
structure, Чу? 993 
tertias, ofi 
Amine Immersion. Sec Amines. mnversion 
Amines, 16 
avidis. 1128 1129 
hasis 
m anide formation. 1016-01 
In ester Formation, СОЈА 
basicity, 1122. E128 
was: phase. 112 
polar effects, 1125—1126 
solvent еалт, 1124-1123 
substituent effects. 11213-11217 
lable, 11237 
use In separations, 11 27-1] 28 
А broma. intermediates in Hofmann 
rearraneement, 1153 
vliesitleutien: 926 930, 1116 
hetereevelie; pomeneckature, 1118 
Inversion, 235-256, F114 
IR spectroscopy, 1121 
leaving sroups in Hofmann 
етта. [136 [137 
NAIR spectrosceops, 121-1122 
[119 
phis sical properties, E120 


nomenclature; 1117 


preparation 
aminatteon at ага halides, 1147-1 1540 
сша ne Dnsalrogenation of nitriles, 
1026 
Curtius rearrangement of асу ц/ Йе. 
| x 1154 
Gabriel synthesis. 1 145-1 E46 
Hofmann Ds pobromite reaction of 
amides, 1152-1153 
hydride reduction of nitrites. 
1025 10217 
nucleophilic әти substitution, 
SIN 
reduction of nitro compounds. 
1146 1147 
reductiive amination ol aldehs des and 
ketones. 1133 1135 
primary. GUC 
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Amines (eentinmed 
reactions 
acvlation. 1135-1136 
ШКУ lation. 1131 1132 
ars lation, 1147 1150 
төп of aniline, 1138 
conjugate addition te а. -unsaturaied 
varhonyl compounds, 1093 
diavotization, 1139. 1140 
exhaustive methylation, 1132 
Formation or quaternary ammonium 
hydroxides, E136 
quaternization, 1132 
reductive aminatien, 1133-1135 
with acid chlorides. 1016-1018 
with anhyalrides, 1019 
With carboxy lie acids, 1034 
with halopyridines. 1237 
with isocyanates, 1151 
primary. 926, 1116 
secondary. 929, 1116 
solubility in dilute acid. 1127-1] 128 
structure, 1119-1120 
tertiary. 930, 1116 
Use in enantiomerie resolution, 
280-25] 
mino acid analysis, 1292-1295 
Amino acids, 1265 
esterification, E283 
ie- Amine acids, 1265 
acid hase properties; 271-1273 
acidic. 1276 
AOC derivatives, 1292 
hasie, 1275 
elassittication 
hs isoclectrie point, 1275—1276 
hs side-chain type. 1267 
common names. | 267-1] 268r 
decarbexs Erin, 12741 
enantiomerie reselulion. 1281-1282 
Кос 
deprotection, 1285 
attachment to solid-phase resin, 1385 
coupling in solid-phase peptide 
уйе, 1286-1287 
iovlectric poil, E273. 1276 
neulral. 1276 
preparation 
a-wetamidoemalonate method. 
1 279- | 280) 
alkylation of ammonia, 1279 
Strecker synthesis, 1280. 1281 
PTH derivatives. 1304 


see index Guide on page H3 


pyridoxal phosphate-mediated 
Formation from -Reto acids, 
[242 
racemization., 1262р 
PART LATIS 
aes lation, | 282 
esterification, 1283 
protection with Fmoc group, 1284 
with AQC-NHS, [292 
with ninhydrin, 1294 
residues in peptides 
hydrophilic iid hydrophobic. 1312 
Masses Por mass spectrometry. ТАО 
separation hy тесту point, 
27? 1279 
sequence in peptides, 1297 
хаток потім». 1270 


Pwiblerienie structure, 127] 1273 


Г. 
Amino end. See Amino terminis 
Amino group, 11148 
acti азм und directing ettect in 
electrophilic aromatic 
subrtitunon, 7657 
Amine sugars, E212 
Amino terminus, of a peptide, 1267 
p-^Aminobenzwie acid. 1264 
]-Amino- | -cxclopropanecarbus унс 
acid, biological source ot 
ethylene, 217 
J-Aminopyridhine. preparation by 
Chichibaühin reaction, 1234 
J- Xminopyridine. preparation by 
reduction ef J-nirepyridines. 
[234 
Ammann 
Чих. 1014, 663 
al ka lation of a-bremo avis, 1279 
hybrid orbitals, A6 41. 414 
industrial preparation. 1155 
reactions 
conjugalte-adudimon reaction with 
асту Тие, 1132 
Strecker synthesis. 1280-128] 
with acid chlorides. 1016 
solver 
or alkyne reduction. 600-662? 
for reaction of aucetylenie anions with 
alkyl halides. 663 
structure, 1j. 18 
Ammonium rn, acidity. 1037 
Ammenium хайх. 1122 
Amphoterig compounds. 97, 105 
Am opeet, E2009 4211 
Ams lose, 121 


Anchinmeric assistance, 811. See also 
Neishborng-ereup parüeipation 
Annsen. Christian B. 1513 
Anele sirain 
орох ring-opening reactions, 493 
in small-ring eveloalkanes, 289 
Angular meths | groups, in steroids, 296 
Anhydrides, 989 
сме 
preparation. 973 
reaction With alcohols, 1020 
IR spectroscopy, 9U6—998 
mixed. 989 
preparation from acid chlorides and 
curbox slates, 1019 
nomenckiture. 984-984 
pha sical properties, 944 
preparation trem „ахун ато. 
971-474 
reactions 
acylating ugens in Friedel Cralt« 
reachons, 1228 
hydrolysis. 211 
with amines, alcohols. and phenols. 
PO 10140 
h-Anhs draidopyranose. [1219р 
Aniline, 1117 
basicity. 1126 
hrominidion. 1138 
C—N bond length, 1120 
nitration. 112% 
Iexenance structures. 1120 
UW spectrum. | [627 
Алиш tan. ПМ spectrum, 1162p 
Anion-exehanee resin, 1278 
Апе, 741 
electrophilie aromatic substitution, 778 
Anomers, 1179 
er- and 3. 0179-1 182 
Anemerie carbon, 1179 
Antarafücial. 1350 
Аттап acit, 1150p., 1266 
9, IO- Anthraquinone, 863 
Anti 
vconiermatien of 1,3-butuliene, 
(УМ) б | 
coanfermattoen of butane, 84 
"Iereechemistry of addition, 306 
sIereochemistry of elimination, 404 
Antianimatieity. 728-730 
Antibiotics, тинне», 354 
Antisyinmetric molecular orbitals. 
1338-1339 
Араг. selvent clipsilicution, 339 


АСС in amino acid analysis, 1292 
D-t- be Arabinose, 11-477 
in proof of glucose sereochomistrsy. 
20011202 
Rulf degradation, 1204 
p-Aramid, L328p 
Arginine 
I proteins. interaction with 
phosphoserine, 1307F 
structure ийй properties, 1 369r 
Aromatic: Aromatic compounds, 5ге 
Aromanents 
Aromatic hydrocarbons. 48 
Arematicits, 721 
criteria, 72]. 728 
detection Бу NAIR. 745 
molecular orbital busis, 731—724 
of heteroevelie compounds, 725. 
[222-1223 
at ions, 725-727 
of реу compounds, 727 
origin ob term, 716. 717 
rules for electron counting. 727 
марлан of phenol, T0354 
Artificial sweeteners, 1208-1209 
Агу! cations. 827 
Ату] eroup, 82 
Ату] halides. 822 
lack of reactivity m 8,1 reactions. 
Sof WIN 
lack of reactivity in 5,2 reactions, 
ОЗНА 
preparation 
halesenatioan of benzene ind its 
derivatives. 731—732, 772—774 
Sandmever reaction, 1141 
reaclions 
aminanon, [147-1150 
licek reaction, 845-848 
nucleophilic arematie substitution, 
S28 830 
Stille reaction, 872. 874 
Suzuki coupling. 548. 851 
АТУЫ тех. reactions 
amination. 1 13560 
Sulle reaction, 872-874 
Arxiboronie acids, See Boronic aguis, 
aryl 
Агу талой) salts. See Piazonium 
mill ts 
Ascorbic acu. 1219р 
Asparagine. structure and properties, 
| 268r 


Aspartame. 1208 1209 
diketopiperazine Formation. 1329р 
Aspartic acid 
residue in trypsin active site. [316 
"truecture and properties. 12687 
Asparts1 proteases, | 326 
Aspirin, 1019 
AssOCUOon reactions. See Lewis acids, 
Lewis hases 
Asvmimeiric carbon, 229 
configuration. See Stereotsomers, 
nomen lature 
Asymmetric center. See Asymmetric 
carbon 
A^ssImmmetric epoxidation. 524, 522-526 
catalyst, яго 
АТР, [246 
hydrolysis. da seuree of energ, 
1247 1248 
In protein phosphorylation. 1306 
Aufbau principle, 30 
Auloxidalion, 874 
ot aldehydes, 917 
of cumene, 874 
Axial, bonds m cyclohexane, 272-273 
AzeMrope, 922 
Aaridine. 1118 
Aro dyes; 1143 
preparation. 1142. 01124 
AZ^ocbenzene 
product in the reaction of СЗАН , with 
nitrobenzene, | 147 
Azetsoburronitrile (AIBN), ах treg- 
radical initiator, 203 


Backside substitution, 310. See use 8,2 
гейспоп» 
in epoxide ring-opening reactions, 496 
in halohs drin escelization, 491 492 
in neighborting-group participation. 
5|6-318 
m the 8,2 reaction. 389-390 
Baekeland. Leo H.. 938 
Bakelite. 938 
Banana bonds, in exelopropane, 290 
Barbier, Francois Phillipe Antoing. 36] 
Ваги. 3745 
Base, See aise Bronsted base 
in DNA, 1245 
Base pairs. in ОМА. See Watson-Crick 
Dase pairs 
Base peak, ina mass spectrum, 560 
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Basicity. and nueleophilicity in the S.2 
reaction, 303-396 
Bayliss Tilman reaction, 11645 
9-BBN, 8N3p 
BDE. See Bond dissaciation energy 
Beers law, 685 
Beilstein, 66 
Bending vibration. 547 
Bent bonds, in evclopropane. 290) 
Benvalaveline, preparanon. Hios 
Benzullkenmum chloride. 962. 1129 
Benzamnline, basicity, 1319 
Benzanmidinium ton, as trypsin inhibitor, 
[318-1319 
Benzenamine. See Aniline 
Benzene, See also Benzene derivatives 
aremalieity, 721—724 
history, 717—718 
as a nucleophile, 752—753 
empirical resonance energy. 721, 777. 
] 23M 
formation from Pewar benzene. 1 374p 
heal ef formation and мару. 721 
heat oF hydrogenation, 777 
industrial source. 778 
Кеки structure. 77-718 
Fach of reactivity in alkene reactions, 
717 
7 molecular orbitals, 721. 724 
reeL» 
vutalyne hydrogenation. 169, 777 
deuterium substitution, 7945р 
elecirophilte aremitie substitution, 
750-761 
Friedel Crafts асу lation. 759-761 
Friedel Crafts alkylation, 756 759 
haiosenation, 75] 752 
nitration. 754—733 
sultonation. 755- 756 
solvent properties, 3417 
structure and bonding, 718-721 
Benzene derivatives, See alan specifie 
Ix pex, e.g. Агу] halides: Phenels 
CC NMR spectroscopy, 748 
сако hydrogenation, 776. 777 
IR spectroscopy, 743 744 
nomenclature. 740 742 
physical properties, 743 
preparation. See specie entries, c.g.. 
Bromohenzene, Ату halides 
proton NAIR spectroscopy. 744. 748 
UY spectroscopy, TH8-730 
Benzenesultome avid, 443 
preparation, 755 
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Benzenesultuns сәг. preparation, 
971 972 
Benz drs l chloride. relative solvolssts 
rate, 790r 
Benzu|o]pyrene. eáreinogenieus and 
Һама eposidatin. 779 
Benza jp vene diol epoxide 
carcimoereniei, 779 
and DNA alkylation. 1354 
Benzoturan, L221 
Benzo аем, ЧУО 
ШАНА. ЧАМ 
Benzophenone, SUO 
pBenzoquinene, Iram hydroquinone 
oxndlation, 862 
Benzolhniphene, 122147 
Benzovl group, BY] 
Benes} anion, 798 
Bensi cation, 789 
EPAI 789 
Bens] chloride, 742 
8.2 reaction, benz» hie rate 
acceleraion, 802 
Benes] group. 324, 742 
Bene anions 
froin A-alkvlps ridinnim salts. 
| 239-1740 
[rom pyridine derivatives, 1249—1241 
stability. 798 
Benzylie hromination. 794 708 
Benzxylie groups, 788-82] 
Непа б hydrogens 
асым. ТОҢ 
E2 reactions involving. SH 
Benzs he protons, chemical shilts, 747 
Benzs пе radical. 793 
resonatce structures, 793 
Benzslulene croup. 8537 
Berthelot, Marcellin, 2 
Berzelius, Jans Jacoh, | 
Вега: Bi, energy unit in MO thears, 678, 


a4 


fae 


BHA ibüts lated hs«lross anisole h as 
food preservative. SOS 
ВНТ (buts lated hs«lroxs toluene) as 
fool presersvulive. 865 
Ваші. preparation 
Stille reaction. 872-874 
Susuki reaction, 848—852] 
Bibenz]. 776 
Вил compounds. 2980 798, See dise 
Cs cloadkanes. еу 
preparation by Diels- Alder reaction. 
692—564 
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Bicselbesdecane]| 4.4.0], See Decalin 
Вито. T. NEL. 1204 
Вий], UY spectrum. 750p 
Himelecular, 3x6 
Зани. Fao 
Rinsi ех, 811 
Biot. Jean-Baptiste, 259 
and Pasteur s resolution of амаг 
acid. 260) 
Bjots law, 237 
Biotin, [stp 
Bisphenol A, by-product in 
polh varbonate santhesis, 933p 
Bisallite addition. 10 aldehydes. 944p 
Bloch. Felix. 582 
Boat contornmation. ol eelohieane. 
274 277 
Boiling point, 76 
йе et dipale mement, 335 
elleci ol тА тенет bonding, 338 
Factors affect. 338 
Burbs kol. 887p 
Bond 
chemical, 3 
де, 5 
dative, 833 
double. б. See afe Dienes 
bridgehead, and Bredt's rule, 
294 295 
опр, 676 
cumulated, 676 
polar etiect; 140-141, 798 
ireatment in £,Z system, 137 
hydrogen. See Hydrogen bonding 
тг, 4 
piima 125, 115-127 
polar covalent. 9-15 
polar, 9 
iple. f 
treatment in Б, systeni E37 
Bond angle. 14 
prediction; 15-19 
Bond dipole. H 
in alkenes, 140 
interaction with TR radiation, 548-550 
Bond dipoles, amd electrestilie ki, 113 
Bond dissociation поте. 109, 211 
and bond strength. 211 
effect of hybridization. 146 
effect on Bronsted acidity. (09-1 10 
effect on IR absorption position. 
545-516 
table. IEW 


Used to valeulate reaction enthalpies. 
212 214 
Bond length. 14 
trends. 14-15 
Bond onder, 15 
Bond streneth. 210. See afe Bond 
dissoc kon energs 
Bond s гн, 242 544 
and IR absorption position, 543. 548 
bending. 547 
intrared-active and anactise, 85] 
normal sibrational modes. 548. 549, 
SRT 
streching. 547 
3-Borahieyelenonane, 8537 
Borane. See DBiborane 
Dorane-ether complex, 191-192 
Boreh reaction. 113 
Horch. Richard E. 133 
Boradin, Aleksandr Иб 
Boron trifluoride. чедиги. 17 
Boron inlluende etherate, 360 
Ваго aculs 
ars 1 and vinyle, Suzuki coupling. 
Bs 5] 
preparation. S44 


Boxing spongiferm есер рас. 
BIR 
Breathals zer. 461 
Bredts rule. 293 
In wiste amides. 1002-1003 
violation in resenartecs чагас геу, 
22-713 
Bridged hieselie compound. 29] 
Brideehead varbon. 291 
Bromimanon 
alls lic and benzylic. 794-786 
ol anifine. 1138 
al benzene. 751 
od phenols. 867. МАМ) 
ol thiophene derisatises; 1228. 1229 
[этиле 
detection im mass spectra, 562. 363 
photochemical reaction with alkenes 
and alkvIbenzenes, 794. 797 
with антпе, ЕАК 
Fee HT 
addition to alkenes, 178. 181-183 
stereochemistry. Mis 311 
i-bremination of uldehsdes and 
ketones, 037 - LOR, 10AN- ТО 
hromination of benzene, 751 
Найди rearrangement of amies, 
| PS2-1 153 


НМ Л reaction. 060-1262 
With duran in methanol, 1236 
Ване water, Ugo ATIS 
мот eb а оҳе, 1 E94 
axidanen o£ t+ )- тох, | 206 
phenol hreminaton, 868 
Brome group. deactisating and directing 
effect in electrophilic aromatic 
substitution. 763; 
Bromobenzene 
nitratiun, 762 
preparation, FA] 752 
| -Bromo-3-chloropropine, NMR 
»pevirum. М? 668] 


Bromoethane, NMR spectrum, SYS 0б 


| -Brenno-d-eths benzene. N MR 
spectrum, 7477 
Bromedarm, 325 
Bromohs drins. 184 
preparation, [83-185 
Bromonmethane. mass spectrin, 563; 
Iromenium ien; 182. 1344 
LPM, [S47 
iiermedtaie in bromine addition t 
alkenes, 182-185, 310-3] | 
2-Bromops riding, preparation. 1236 
A-Bromosucenimide. m alls lic and 
benz lie hromination, 796 797 
Bronsted acul-hase reactions. 9f 
analogs for nücleophilie subsiitutiuns. 
381-187 
and hydrogen bonding, 337 
caleulatien oF equilibrium constant, 
I 
vampetition with S42 reactions, 388 
Brensted шск, 96 
acid мүт, И] О 105 
charge etfect on acidin. 110 
element effect on acidi. 10% 110 
iniluenee of чага on acidit, 16098 
periodie trends in acsdits. [160 
polar effect on gelit. 111 115 
solent elect on acidi, 102 
summary ol factors affecting, 830 
table at p& , values. ТОЛ, А-14-А 1 
Bronsted Вахах. 96, See afe Bronsted 
av lus 
hase strength, 103-104 
Bronsted-lIow ry See Bronsted acids: 
Bronsted bases 
Brown. Herbert C.. 194, 910-917 
Bu. abbres tation for boty! group, 10737 
1 Bu, abbreviauon for лел Риш group. 
IOTA 


Bucha alid. Stephen LE. 1148 
Buchwald Hirt силап, 


1147 riti 
Іш атте, Sussonal rearrangement. 
| 564 


1.5- Butadiene 
гопѓогпиціюп. 680 68 | 
моро mer with styrene (SBR 708 
PM, G80 
ifmalecular orbitals, 678-680, 
| 336- ] 340) 
structure, б 719 
UM ubserprion, 689; 
Банат. See Burvraldehs de 
|I -Biuanamine. See Bub lamine 
ИНИ 
chirality ot gauche eontormations, 
253-285 
conformations, 53 56 
Buranenitrile, See Butsyronitrile 
Buianoie achk acidity, 112 
2-Burene 
Cis- 
heat ob formation. 142 
stereochemie of bromine addition. 
AN àll 
van der Маа терито. T44 
telane enthalpies ob cis and trans 
OET 
sicreorsemers, 128- 129 
Iris- 
slercochemisin, of Bromine addition. 
ans-a] i 
hed of formaten, 142 
Butin, Henry t.. 779 
tert-Butoxyecarbonyl. protecting group in 
peptide synthesis, 1289. |! 
Butter xellow. preparation, [143 
Buts | cation, heat of formation, ТАТ 
vec-Butxd cation. heat ot Tormation. EAI? 
reni Ва Т самп 
heat of formation, 1517 
preparation, 153 
structure. 1524 
terr Buty] mer ether, See Mets] rer- 
huts | ether 
vec Buts] group. fOr 
rei Bits sroup. thy 
Bun d radical. heat of fermapon. 2097 
vec But] radical. heat of formation. 
MI 
re rt-Buty d radical. heat ot formation. 
аыр 
Bun kunine. IR spectrum. [121] 
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fert-Burts елле 
preparation, 758 
resistance [or oxidation, ХЕМ 
Peri Buts опол, vonbermaronal 
analysis, 280 
rert- Buts thy рете ide. wn ss mimetric 
epoxalatton, 522. АЛО 
Bui lithium 
їп Formation et amily anions. 1029 
reactien with 2; alkyIEps rines, 1239 
ptert-Buty phenol. preparation, 870 
Buts raldehyde. IR spectrum. 8967 
Buts ric acid. 950; 
Bursronitrile. IR spectrum. 99s 


C 
CIS-HPLC. See HPLC 
Cubeza de negro, sorge ob мегов, 298 
Caha, Robert S.. ТАА 
Cuahn-Ingold Prelog system. Nec 
Siereorsormers nomeneldature 
Calcium carbide. in aeets lene 
preparation, 670 
Cumphor proten-decoupled DEPT € 
AMR spectrum, 6271 
Сиргош acid, ЧАРУ 
e-Caprolactim. im nylon ss nthesis. 
035p 
Caprylic acid, 8307 
Capsaicin. ПИ 
Carbaldehyde, nomenclature suti. S92 
Carbümate esters. preparation from 
iScesanates, 1151 
Curbamie acul, 977. 38] 
Сагат асык mitermediaies in Curttus 
rearrangement. 1151 
Carhamos] group. 99 [7 
Curhanions, 363, 662-663, See also 
kookte jons 
imerntedides in aldol dehydration. 
[42695 
C'arbars ]. 11 p 
Carberes, 424—725 
fram eselimination, 424 
lieands in alkene metathesis, 8533. 854 
Caurhenond. 427 
Carbinolamuws, 927 
dehydration. 927 
intermediates im enamine Кг, 
gau 
imiermediates 1 inune агъа, 927 
Interne ite in reducte от, 
[134 
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Carbocations 
а-ШКехҳу, m acetal formation, 927 
a-alkoxy and a-hydroxy, 904 -905 
alls lic. 702 
charge distribution, 704 
structure and stability, 702—765 
analogy For carbonyl] groups, 912 
heats of formation, [Als 
in reaction of оһох with hydrogen 
halides, H |] 
instabili al a-carbon of curbom | 
compounds, 1062-1062 
mtermeduites 
in addition of hydrogen halides lo 
conjugated dienes, 70] 
in alcohol dehydration, 437. 440 
in electropliiie aromatic 
substitutions, 753, 764-767 
ed heteroeseliv compounds, 1227, 
1232- 1233 
in ether сакаме with hydrosen 
halides. 493 494 
in ether preparation from alcohols 
and alkenes. 446 
in Eriedei-Crafts alks lation of 
benzene, 737 
in glycoside formation and 
hydrolysis. 1189 
in hs drogen halide audition to 
alkenes, 149-157 
in 5. 1-Е reactions; 412.415, 417 
in lerpene biosynthesis. 312 
libetime, 424) 
Pare ne 
im alcohol dehydration. 439; SGI, 
10.1 
in Friedel Crafts alks lation. 757 
m hydrogen halide шәп to 
alkenes. 154 157 
in reaclions ol alcohols s ith 
hyalragen halides, 44] 
in S, J-E] reactions. 417 
relative stability. E51 
resonance stabilization, etfect on 
solvoivsis rates. 79] 
structure and stability; [51-153 
Carbohydrates. 1166-1219. Sec а 
Monosaccharides: Disaccharides 
Маљ абоп and properties, £167 
mutaratuden, 1183-1185 
oxidation and reduction reactions. 
1193-1 [98 
ретине oxidation, 1196 1197 
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Carbon dicide 

bs -preduct in fats end оху Ве, 
ТОМ 

СРМ. H 

tram decarboss lation ef carbone acid 
deri altes. 977 

IK absorption, SA fay 

reaction With Orignand reagents. 
9h 3-64, 9 754p 

rale im global warming. 77 

Carbon tetrachlaride. solvent fur NAS 
brominatians, 797 

a-Carbon 

n aldehydes and Ketones. 89] 
in substitutions and eliminations, 379 

B-Carhon, in substitutions and 
eliminations. 379 

Carbonate ion, resonance structures. 44р 

Carhon -carbon bonds. formation, 
«ummary ol methods, А-А 

Carbone avid 

acidity. 9387 
decarboxylation. 977 

Curbonitrile, 989 

Carbomum tons. Sec Carbocations 

Carbon monoxide. IR absorption, 544p 

Carbon ММК spectroscopy. Sec ММК 
spectroscopy, C NMR 
уретру 

Carbonyl addition. See Addition: 
мерне earbons | addition 

Carbonyl compounds, 888 

relative reactivities, 1028. 1029 
a B-unsaturated. See e B-Unsaturated 
carbonyl compounds 

Carbon sroup, 888 

hond dipole, 895 
polar effect, 957 

Carbonyl oxygen. in càrhoxylic acids, 
953 

Carboxaldehyde. nomenclature suffix. 
sU? 

Carbosamido group. deactivating апу 
directing etlect in electrophilic 
aromatig substitution, 7631 

Carhoxs end. Nee Carhoxs terminus 

Carboay group, deactivating and 
directing effect in eleetroptulic 
aromatic substitution, 7657 

Carboxs group, 948, 990r 

Carboxs terminus. of a peptides, E267 

Carhoxa biotin. ТОМУ 

y-Carboss elute acid, £326p 

Carboxvlate ion, 957 


Carboxs late oi gen. пт earboxs lie acids. 
953 
Carboxvhites, See abo Carboxylic acids 
Carhoashic acil derivatives. 986. See 
ise jad vidual derivatives. ат, 
Esters 
introduction te reactions. 1003-1004 
relative reactivily in substitution, 
Il i-I015 
мгу, 992-991 
table, ӨМ? 
Caurboxylie acids. 948 
acidity, 987—960, 058; 
inllaenee of structure, ТОЯ 
cacumina. See вА ИПА» acids 
basicity. 960) 
e- Brome 
preparation. 1060. 1062 
reaction With ammonia. 1279 
carbon | yersus carhoxylEite ory een. 
ЧАА 
«паі. auvcieophilie substitution 
reactions, 1062 
hydrogen-bond dimerization. 954 
hydroxy, equilibrium suh епс, 
ШШ 
[R «nectrascopy, 955, 0061 
e-Keta acids, pyridoxal phosphate- 
mediated formation from a-amimo 
acids. [242 
B-keto acids, decarhox y kulon, 976 
IN dewloiwelic ester sy nthesis. 
[190—109] 
NMR spectroscopy. 955 
nomercedatune, 948-95? 
physical properties, 954 
preparation 
ester hydrolysis, 1004-1007 
поли ester synthesis; 1085-1086 
oxidation ef abdehy des, 936-937, 
| 230 
oxidation ef a4lkylbenzenes, SOS- 807 
oxidation of primars асоро, 461 
өлүм of alkenes, 197-199 
reaction af Grignard reagents with 
curbon dioxide. 963 064, 97545 
product of haloform reaction. 
1059 1060 
reugctlons 
a-breminatien, 1050-1062 
acid chtonide formaron, 9870-977 
anhydride Formation, 972-974 
from carboxy lates and acid 
chlorides, 319 


decarboxylution, 965. 976—078 
introduction and ever iew, 964-9635 
reduction to primary alcohols, 
974-975 
with alkyl halides. 969-970 
with amines, 1034 
with diazemethaune, 969 
with organolithium reagents, 
UR 2-983 
separation roni other compounds. 
959-960 
sHubility in base. 939 
structure, 05 3—95J 
Carboxs methyl group. 952, 9011 
Carcinogenesis. Irom DNA aks lation, 
| 253- E255 
Carcinogenieity. of aromatic 
hydrocarbons, 778-779 
Carcinogens. 778 
Carnauba wax, 1036 
B-Carotene. 8107 
[ V—vis absorption. 689 
Carma, Louis А. 1284 
Caryophsllene. 510 
Catalysis. 165-168 
hy enzymes, 1772 
Catalyst, 165 
heterogeneous. 167 
homogencous, I67 
persons, 1685, 659 
Catalvtie converter. 165. 166, [68 
Catalyst cracking, 79 
Catulstig hydrogenation, Sec efse 
Hydrogenation 
homogeneous, 858p, Bhs 
In reductive amination. ] E33 
of aldehs des and ketones. 917 
анаи, [197 
ot alkenes, 168. 169 
stereochemistry, АТА 
of alkynes. 659. 660 
of benzene and its derivatives, 
776777 
oF es anohydrins. in the Kiliani- Fischer 
synthesis, 1 [98 
a riles. 1026 
ed nitro compounds, 1146 1147 
ela p- unsaturated салтту] 
compounds. LII 
Cutechol, 741. 823 
Catechelbhorane. 849 
Cution-exchange resin. 1278 
“ОМА. 1305 
Celestolide, 752- 783p 


Cell membrane, 346-345 ] 
structure, 3507 
Cellobiosc. 1 208p 
Cellulose, 1209. 1210 
Use ах hiomass in energy production. 
(20 
Celiulose acetate. 12160 
Center of symmetry. 229, 2307 
and ehirality, 229—2] 
Cephalins. 348 
СЕС. See Freons 
Chain reactions. See Free radicals. chain 
reac lions 
Chair conformation, 269. See afse 
Cyclobexane, сват conformations 
of pyranoses. LIN] 
Chair flip. See Chair interconversion 
Chair mterconversion 
In еке and freisdecalin, 293 
in cyclohexane. 273-274 
effect on NMR spectrum. 614-62 | 
In substituted cexelobhexanes, Sec 
Cvlohesane derivatives 
Chaperones. in protein folding, 1313 
Charvalf. Era in. 1 248 
Chargatfl s first parity rule. 1245, 1250 
Charge effect, on Bronsted acidity. ] 160 
Charge -dipole interaction, and tonic 
SOHN allot, 344 
Chauvin, Y ves, 856 
Chelidonic acid, 1111р 
Chemical Abstracts, 66 
Chemical honding. See Bond. chemical 
Chemical equivalence, 465 
in NMR spectroscapy, 589-392 
ab groups, 4645469 
Chemical exchange. 617 
обол оп ММК spectra. 617. 619-62] 
Chemical hterature, 66 
Chemical shift, 579, 583-389, 584 
and coupling constant, in first-order 
NMR spectra. 609 


relationship to structure, 586—589, SHAS 


scales; S83-589 
Chivhibubin reaction, 234 
Chiral, 227 
Chirality, 227 
and symmetry, 229—231 
effect of amine inversion, 255-256 
effect of conformational equilibria, 
253-235 
Hmporlanec, 228-229 
in molecules wirhour asymmetric 
atoms, 251-253 
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best. 227 
Chitin, hydrolysis; 1211-1212 
Сом. 812 
staring mutertal For DDT synthesis. 
gy 
hydrate, 912 
trimer formation, 5p 
Chlordane, 367, 944p 
Chlorine. See aise other halogens, eg.. 
Bromine 
addition to alkenes. ВКТ 183 
chlorination of uldehs des and 
ketones. [037-]058, 10501060 
Chloro group 
deaectivating and directing effect in 
electrophilic aromatic 
substitution, 763r, 
orbital overlap in electrophilte 
aromatic subsptution. 770, 771F 
Chloroacetie acd. acidity, 9587 
p-Chlorobenzote acid, acids. 938/ 
J-Chlorobutanoic acid. acidity. 112 
A-Chlorobutanete acid. acidity; LII 
J-Chlurobutanoie acid, acidity, [12 
Chloreeyclohiexane. separation of 
conformations hy erystallization, 
JN 
Chloraethane. internal rotation, Хар 
Chlorofluerocarhons, See Freons 
Chloroform, 325 
source et dichloracarbene. 424 
solvent properties, S411 
Chlorofurm-, solvent in NMR 
speetrescops. 6] ] 
Chloroformsyl group. 9917 
] -Chlorohexane. МАМЕ spectrum, 808 
Chloroahydrins, 184 
| -Chloropentane. NAIR spectra at 
different fields; 6107 
meta-Chloreperosyhenzote acid. See 
mCPBA 
Chlorophyll e. 13567 
Chloroprene i 2-ehtoro- 1.3-butadienei. 
industrial preparation. 670 
2-Chloraps ruine 
nucleonhilte aromatic substitution 
reactions, 1236 
preparation [ram 2-pyridone, 1237 
-Chloropyridine. reaction with amines. 
RAF 
Chlorosulfite ester. 449 
Chlorosulfonic acid, in sulfonyl chloride 
preparation. Ч ] 
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Cholecaleiferol. precursor of А атат D.. 
] 366 
Cholesterol, 29% 
Choline, 448 
Chromite ester, 460 
Chromite ion, as oxidizing agent. 
456-457 
Chromatosraphs. 1277. See afte 
specie ( pes. oga Don-exehange 
ehromatosraphs 
Chromium V |i trioxide 
lor al&s benzene oxidation, 8O5-R0n 
For abeehie] oxidation. 429 
Chromophore, 686 
Chs moltrs psi, catalyst for peptide 
hydrolysis, 1296 
CI. See Muss spectrum. зета 
hone an 
Cinnamaldehs de. 831 
Cinnamie avid. 95 | 
Cis 
alkene stereechemistrs,; | 29 
rie fusion sterseghemistrs, 292-5294 
sereochemistry of disubstituted 
cxvclehexsanes; 281-282 
Citalopram. 887p 
Citronellol. SOT 
Clatsen condensation. 1072. 1080 
crossed. 1076-1078 
in Fatty ueni biosynthesis, 1708] - 1083 
np оға synthesis. 078-1080 
intramolecular. See Dieckmann 
condensation 
Clalsen rearrangement 1362 
Chasen. Ludwig. 1073 
Сахеи condensation. 1068 
аСТ ети, qm mass spectrometrs, 566 
in mass speetra ob aldehydes ani 
ketones, YO. 
Cleland's reagent See Dithiothreitol 
Clemmensen reduction, 931—957 
CMC. See Criieul mieelle ceoneenmanon 
Coal tar, 778 
scuree of pyridine derivatives, | 
Cobalt( bt catalyst for the oxu process. 
NA? 
Cocatne, | Lady 
Codeine. 11564 
Coecnzsaime ©), See Uhiquinone 
Coenzyvmes, 463 
Cole, Thomas W.. 29? 
Color and light absorption, 889 
Combustion, 7б, 70- 78 
use in elemental anals sis; 77. Мер 


ll 
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Competitive inhibitors, 1318 
Complementary DNA, 1305 
Compound classes, @1 
Converted mechanism, 192 
Condensation, 1065 
Condensation pols mer. 1034 
Condensed sirueiural formula. 49. 64-635 
Contivuration. absolute; See ABsolute 
contiguratin 
Conformation, 51 
ийигин. 253. 255 
anti. 34 
draw ing 
With New man ре оцой. 50 
Wilh sawhorse projections, 258 
асирї, 81 
gauche. 54 
im conjueated dienes. G80) -68] 
od alkanes, 30-57 
of Bulang, 33-56 
od ethane, А-АА 
ves. mn eonjurated dienes. 681 
in Diels- Alder transition state. 
GY4- 606 
staggered. Al 
Conformational analysis, 36. 280. Ser 
abe specie companies, eis. 
Мей ушм elohexane 
азыт их соҳае. 
МА IR 
of methi ey clohiexane. 277-281 
Congruent, 226 
Conine. 1137p 
Conjugate acid. 97 
Conjugate acid-base pair. 97 
Conjugile addition, 69]. 700 
Biels-Alder reaction 69] 
In reactions ob conpupided dienes, 00 
of hydrogen halides to conjugated 
dienes. 700702 
тешип of furan, [229-1 230 
eee. B-unmsammaed earbon] 
compeunds, 1092-1 iH), 
1101-1103 
competition with earbonyT-addition 
reacuons, 1095-1096 
of enolate тапу. [09 7- [099 
to quinonmes, МЕН 
Conjugate hase, 97 
Conjugated dienes. See Dienes, 
conjugale 
Conjugation 
effect on IR carhonyl frequencies; 896 
M dauble bands, 676-677 


Connectis tty. 49 
ol atoms in molecules. 13 
Самага. 1344 
Conservation ob orbital «vmmetrs; 1335 
Constitutional equis alence 
at groups, 465 
in NMB specirescaps, 389. 592 
Constitutional bomers. АВ, 57 АМ 
Coordination опий, 832 
Cope rearrangement. 1361 
апаты oxyCope. 1361-1362 
Copolymer. 708 
Coppert D bromide 
reaetien with ш salts. 1141 
reaclons suh Реге che diazeniim 
ans. [236 
Copperil chloride 
in Formalien af lithium 
dialky leuprates, 1031 
reaction with Шалт salts, 1141 
Copper D oxide, reaction with 
diazonium salts. 1141 
Coppert Thi, complex with pernicillimine. 
387 
Corn хл гир. EPS? 
Cortisone, 296 
COT. See А.А, РС eleovctatetraene 
Couper Aréhibuld Scott. 47 
Coupled protons; 597 
Couphng constant, 597 
and chemicul shifi in first-order МАТЕ 
spectrin 609 
in benzene denvauves, 746t 
af ulkene protons, 6| 24; 
Covalent bora, 5 
Cracking. Seo Thermal cracking 
Стайл. James Mason. 76] 
Cram projections, See Line-andev edge 
»Ericlures 
Cram. Donald J.. 258, 333 
m-Cresal. 741 
eC resol, N25 
pres, 823 
Creuzieidt-akohb disease, E513 
Crick, Frances C.. | 248-] 249 
Critival micelle тга (0C MC j. 
962 
Crosman. HIS-protease inbiibitor 
Crossed ale! reactions, Sec Adal 
canmdensaien, crossed 
Crossed Clanen condensutton, See 
Chaben condensabon, grossed 
Crotonie acid, 950; 
Crown ethers, 331-357 


| IS Crow иб, structure of complex with 
К’. А52 

Crutzen. Paul. 367 

Cryptands. 382-453 


A53] 
Cryptate, 352 
Ста мал Ане, OS by 
Crystallization, selective. in 
enamliomeric resolution, 251 
Cubane, 292 
Cumerne 
free-radical brominutien. 794 
in the mudustrial preparation af phenol. 
MMR TA 
industrial source, 778 
Cumene hydroperoxide. in phenol 
niamutaecture, 74-977 
Cumulated double bands. 676 
Cumulenes. 676 
Аах chloride. relative salyvolysis 
pate, DUC 
Сигиш rearrangement, stereochemistry. 
ERE 
Curtius; Pheadar, 1151 
Curved-amow notation, 89 
application ta Lewis acid-hüsc 
association reactions, NU. 90 
m drawing resenanee swuelures. 
Yh un, ? 1i 
for electron-parr displacement 
reactions, Y] 
rules Гог use. SC, A.l 
Cyanide ion. See с/к Hydrogen cyanide 
conjugate addition to e unsaturated 
varhonyl compounds, 1092-1093 
reaction with АКМ halides. 10632-1033 
reaction with imines. E281 
Evano group. 99]; 
deactivating and directing effect in 
electrophilie aromate 
ubsiitulion, 76837 
Cx anocobalamin, #5 lp 
Cyanoecths lation. 1093 
Cx anohis drins; 907 
formation fram aldehydes aid ketones, 
ON -909 
formation From охе, 1198. 1199 
Cache permutation, n Fischer 
projeetions. E171 
Cycloudditian reactions. 179, 1333 
in alkene metathesis. 854 
олы һсаб und stereechenustrs. 
] 345—] 551) 


n ozeonmol sas, ] 70 
selection rules, E352 
Cs cloalkanes, 67, 67-70. 27] 2298, 290 
hics clic, 290) 298 
hridged. 291 
Class ication amd nomenclature, 
ч 2| 
Jused. 291 
pires vehic. 290 
cis and trams, 231-283 
cis and trans ring fusion, 292. 294 
nomene lature, OS А) 
phis «ical properties. 687 
heats of formiatbien, 268 209, 265 
Cyvloalkenes 
and Вте а rule. 284-298 
in the Heck reaction, 846-7847 
preparation 
alkene metathesis, 854 
Diels Alder теце, 890-7694 
trams, 34 -195 
[.3-C 3 elobutadiene 
complex with tricarbons liroanity, 720 


Srueture and antiaromabeits, 729-734) 


Cs vloabutadiens | латино. 729 
Cs clobutane 
conbormalion, 289 
heal of formule, 2697 
madel, 289 
Cyelobutanes, from eyefeadditiotns or 
alkenes, [352 
Cielobutanone, IR carbons] absorption. 
NUT 
Cychodecane. heat of formation, 2687 
Cyclododecane. heat of formation, 2697 
Cxcloheprane. heat ob formation, 269 
1.3 Cyclohexadiene 
heut of hydrogenation. 777 
in Diels Alder reaction, 695 
Cx clohexane, Sec ebe Cylohexane 
deris atises 
chair interconversion, 273-274 
conformations 
heat, 273, 274—277 
chair, 269-277 
how to draw, 209. 272 
relanse enthalpies. 276/ 
twist-hoat 275, 17А] 
heat of өгөп. 269; 
Cyelohesxune-< ММК spectrum. 
б-р 
Csvlahexane derivatives 
planar structures. 284—285 
preparation, 776-777 
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disubstituied. 28]. 284 
chair intercom ersten, 284. 288 
stereochemical consequences, 
ABA NM 
conformational атау, 283284 
"ereoisomers, 28]. 283 
monosubstibuted. conformational 
атау. 277-280 
Cs ctehesanene, 
enolization AL. 15А 
IR varbony E absorption. 897 
Cyclohexene 
alls lie bromination, 795-706 
heap ob hydrogenation, 777 
Cyelohesy benzene. preparation, 759 
Csclonoenane. heat of Formation, 269и 
Cyxelioctane. heat of formation, 269r 
1.3.5, 7-Cyvlooctatelraene 
heomime addition. #17 
heat ef formaton. 721 
T orbitals. 719 72 
Structure. 719] 
|.3-Cx clopentadiene 
дең. 726. 727 
in Diels-Alder reaction, 692. AYA 
reaction lo give evelopentadiens 
anion, 726 
2.4-Cs clopentadien- Hide anion. See 
Celopentadienyl anion 
Cxelopentadieny] anion 
arumaligiti., 775 726 
ligand in ferrocene. 725 
Пил in transition-metal eomplexes. 
АЛА NAM 
preparon, 726 
Cyclopentane 
contormation, 288. 289 
heat ol Formaten, 2697 
Csclopentunone, IR carbonyl 
absorption, 897 
Cselopropane 
handing. 290 
heat of formation, 26097 
Cyvlopropanes 
AMIR spectroscops, 615 
preparation 
геасоой of alkenes and 
dichloragarhene, 425 426 
Simmons-Smith reaction, 426428 
Cs clopropanone, IR carbonyl 
absorption, 887 
Cs clopropem | cation. aromaticis. 727 
Cyclotetradccane. heat of formation. 
2697 
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Cyelotridecane. heat of formation. 269% 
Cyeloundecane. heat ot formation. 2697 
Cylindrical symmetry. 26, 377 
p-Cymene, 717 
Cs «tele acid, 13247 
Cysteine 
in peptide and protein disullide bonds. 
1197 
in peptides, reaction with aviridine. 
АЗОР 
structure and properties, |2647 
Cystine, $2687 
Cyüudine, 12477 
Супи acid. 12477 
Cytosine, 1246 


D 
24-D. 366 
Dacron, 1035 
Dansvl chloride, 1325p 
Dative bond, #33 
ОСС. See Dieyelohesxs learbodimide 
DDT, 367 
manufacture, 947p 
[^euctis alins group. in electrophilic 
aromatic substitution, 768 
Decalin 
chair intercom ersion, 293 
eia- und agns- 292-293 
гарме stability, 294p 
nomenclature, 24 1 xp 
Decane 
fragmentation mechanism in FE mass 
»pectrometrs. 564 
mass spectrum, 261 
Decarbonylation, of aldoses. 1216p 
Becarboxyhition. 96S. 976 
of o-umine acids, 124] 
of carbamie acids, 115] 
of carboxy lic acids, 965, 976-978 
o furan-2-carboxvlie acid, 1230 
at B-Keto acids, 977-978 
mm acetoacetie ester synthesis, ТОНЯ 
ot malomvec acid derivatives, 07759788 
in malomuv ester synthesis. 1085 
Degenerate molecular orbitals, 722 
Degree of unsaturation. 139 
Dehvydraion 
af alcohols, 436 21410 
of curbinolamines, 927 
7-Deby drocholesterol. con erston into 
vitamin D,. E366 
Delocalization energy. 680 
Delocaltzed electrons. 679 
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Denaturation, of proteins; 1313 
Deoxx. nomenclature preti; E246, 12477 
Deoxss топил acid. Sec DNA 
Deoxvyribonucleosidos, 1245 
nomenelature, |24! 
Deoxvyribonucteotides, L246 
nomenclature, 12477 
2-Deoxyribose, in deoxyriboenucleosides. 
1245 
DEPT. in CC NMR spectroscopy, 626 
Deshiehling. in NMR spectroscopy. 585 
mechanism tor alkenes. 612-6] af 
mechanism for benzene deri atis es, 
14А 
DET. See Diethyl tartrate 
Detergents, 961 
Deuterium 
in proton NMR, 611-612 
incorporation by reaction of DO with 
Grignard and oreanotithium 
reagents. 364 
potope cheek See [sotepe effect 
Deuterin oxide exchange, in NMR 
speelroscapy (D shake, 6I, 
өы? 
in NMR spectroscopy of amines, 1122 
Deuterochloroferm. See Chlorotorm-d 
Dewar benzene 
and pertes clie selection rules; 1348 
conversion into benzene. 1 374p 
Dextropimaric avid, 739p 
Destrorotatars, 236 
Dextrose, 1207 
|. 2-Diacs ghi сето! 347 
N33 Diacyighyeerol- 1 -phosphate, 347 
Dhasterecisemers, See Diasiereomers 
Diastereemerie salt formation. in 
enantiomerie resolution, 250-251 
Diastereomers, 243, 242- 246 
as reaction products. 304-305 
conformational. 253 
relative reactivities, АЁН 50] 
Diasiereotopic groups. 466 
recognition, 467 
in “МК spectroscopy, 390-593 
L3-Diaxtal interactions. in 
meli lovelohexane, 277-279 
).4-Diavaindene, 12585 
Diazomethane. 969 
Diazonium tons, 1140, See ofi 
Diazonium sahs 
Diazoniim sults. 110-1 144 
reactions 
атп substitution. 1142. E144 


Sandmever reaction, 1141-1143 

solvolysis of alkyldiazontum salts. 
1140) 

with hs pophosphorous acid. 1142 

Diazetization. ot amines, 1140 
of 2-aminopyruline, E236 

Diborane 
in Кепе hsdreboraton, 191-194 
reaction with ethers, 192 
stricture. 155] 

1. 3-Dibromobutane, trom bromine 

addition po the 2-hutenes 
1.2-Dihromuecthane. conformational 
distribution, Мар 

2.4-Dibromophenol, preparation. 869 

sec-Dibutyl ether. EE and C] mass 

spectra. S6 7f 

tert DibutyT peroxide. as free-radical 

Initiator, 2613 

B-Dicarbony] compound. i54 
enolization, 1054. 1055 

Dicarboxs [c acids 
acidity, 958; 
vemrmon names, 949—956) 

Dichloroyarhene 
Jormation, 424 
"ereoehemistry of addition to alkenes, 

426 
2-го тте. internal rotation, 
Аар 

Dichloromethune. Sec Methytene 

chlartde 
1.3-Dichloropropane. ММК spectrum. 
SOR а 

Dieselohess learhodiimide. coupling 
reagent it solid-phase peptide 
synthesis. 1786. [287 

Dieckmann condensation, 176 

Dielectric constant, 339 
and ionic solvation. 344 
eflect on sols ent properties, 339-340 
of common solvents, 3417 

Diets, Oita, 691) 

Duvls-Alder reaction, #91, 690-700 
role of inelecular orbitals. 1351 
slereachemistrs. 696 700 
transition state. 695 

Dienes, 676 
heats of formaton, 677r 
nomenclature. 132 

Dienes. conjugated. 676 
addition of hydrogen halides. 700-702, 

705. TW 


Diels-Alder reaction, 690—700. 1351 
canlormations, 650-68 | 
effect on Diels-Alder reactivity. 
по non 
polymers, 708. 709 
stability. 677-680 
UV-vis spectra, 686. 690 
effect on UV A. 690 
Dienes. cumulated 
chirahty, 632 
heats of Formation, 67 7 
IR spectroscopy. 682 
structure and stability. 687 
Dienophile, 691 
Diethi] e-acetammiulomalonate. in 
preparation of camino acids, 
1278-] 280 
Dieths | carbonate; in crossed Claisen 
condensation, 1177 
Diethyl ether. industrial synthesis. 485 
леу Emalonate 
acidity, 1084. 
alkylation, 1084-1083. 1099p 
arylation, Твер 
сопе addition to e 8-unsaturated 
carbonyl compounds, [0994p 
in malonic ester synthesis. [084— (86 
(c und (5:1 Dicthyl tartrate. in 
asymmetrie epoxidation, 523—526 
Dieihslene glyco} dimethyl ether. See 
Bighvme 
Difiuoroacetie acid. acidity. 111. 958 
Diglyme. 192 
Dihedral angle. 19 
Dihydrogen (Hydrogen molecule: 
acidit. A56 
molecular erbitals. 32. 36 
electron density and £PM, ТО. 3 
Dihydropyran, reaction with атоо, 
gap 
Dihyuropyridine derivatives. Hantzsch 
Synthesis. 1264р 
Dihydress acetone phosphate, product of 
aldolase reaction. 107p 
Diiedomethane. Seo Methylene iodide 
Diisobutvlakiminum hydride i DIBAL;. 
Rp 
p-Diketones 
enohation, [054-1055 
preparaten by the Claisen 
condensation. 1078-1080 
Diketopiperazine. formation [rem 
aspartame. [329p 


Dilithium dialks leyanocuprates. See 
Lithium dialkylcuprates, higher 
order 

Dimer, 954 

[3imethess methane, МЕ spectrum, 
SPSS FOF 

Dimethyl carbonate, 977, 991 

Dimethyl ether 

EPM. 334] 
structure, АЗА 
Pimethyl sulfate. 448 
for ether formation in carbohydrates. 
ЛЕЛ 
in DNA alkylation, 1253 
Dimethyl suilide 
in reduction of ozonides, 197. [9x 
structure. 333p 

N.N-Dimethsylaeetamide, NMR 
spectrum. 999- [O00 

Dimethylaliyl pyrophosphate. s11 

J-Dimethydaminopyridine. basicity. 
1226р 

2.1 2-Dimethsyfbenz[a anthracene. 
careimmagenieity, 779 

2.5-Dimeths голе, reagent for 
hssdroboration, 299, 326p 

2. 3-Dimethyl-2-hutene, heut of 

tormation. 1437 

-Dimethylevelohexane 

conformational analysis; 283p 

е, Chale iniereonverstiom. 


| q 


stereochemical consequences. 287 
Fus 
chair interconversion. stereochemical 
consequences, 287 
slerenisemers, 287 
).4-Dimethylevelohexane 
eie, chair intercon ersion, 
stereochemical consequences. 286 
cis and trans slereoisomers, 282p 
IR spectra, 5497 
NA-Dimethylformamide 
solvent Tur 5,2 reaction, 395—396 
solvent properties; 3417 
()-3.4-Dimethy-2-pentene, heat of 
Formaten. 123; 
222 Dimmelhsdpropanamule, See 
Pis ulamide 
N.A-Dimethylpropanamide, IR 
spectrum, ЗУУ 
22-Dimeths Ipropanoie acid. See Pivalie 
awig 
битне уки оке DMSO., solvent 
properties, 341г 
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2.4-Dinitrophenal. preparation, 869 

3 4-DinitrophenvIhydrazones (2.4-DNP 
derivatives), 028 

24-Dinitrotaluenc. nitration, 775 

24 Diairephens hydrazine, reaction 
with aldehydes and ketones. 92s 


genr Diol. 97 


Dioscorea, souree ol steroids, 208 
Diosvenm. source of steroids, 197 108 
L4-Dioxsane. 33] 
solvent properties, 3417 
Dioxy gen. See Oxygen (molecular) 
Гирерпае. 1267 
Dipeptidylaminepeptidase, 1325р 
Diphenylisobenzofüran, 738p 
Dipole moment. 10 
effect on boing point; 334 
id alkenes, 140-141 
Directing eltects. of substituents 
in electrophilie aromatie substitution, 
7h2-T768. 773—776 
ot heterocycles. 1228-1229 
Disuvcharides. 1167, 1205-1209 
Disiamylborane, 225p. 658 
Disparlure. preparation, 672 673p 
Dispersion interaction. See san der 
Waals attraction 
Displacement reactions. Sec 
Substitution: Electron-pair 
displacement reactions 
Dasrotatery, 1344 
Dissociation constan, of Bronsted acids. 
101 
[Association reactions, af Lewis 
acid-hase addition products, 89, 
MU 9) 
Disultile bonds, in peptides and 
proteins, E297 
іме, 472/ 
preparation by thiol oxidation, 
172—773 
Piierpenes. 808 
Duhieothreitol, in disulfide hord 
vleavage. 1298, 1313 
D System of absolute стига. 
1175 1176 
applied to o-amino acids, [270 
DMAP. See Dimethylallyl 
pyrophosphate 
DNF. See А N-DimeihylHormamide 
DMSO. See DimethyIsulfosile 
d^ notation, 836 
DNA, 1248 
chemical modification, 1233. 1235 
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DNA боен 
melting, 1 263p 
replication, 1251-1252 
veuueneimng, 1252 
мачти. [2483-1253 
2HDNP. Sec 2.4- 
Dinitrephens hsirazones 
DAR Sec Deuterium oxide 
Dodecahedrane, 202 
Dodecane. 48: 
[жетик William son E.. 1364 
Domains, in pretein structure, 310 
Donor 
hy droven-bond, 336 
solvent classification. 340 
Donor imteraetions aad dome sods alan, 
344 
Double Bonds. Sec Bonds. douhle 
Double helix; in DNA structure. 
1249-1256 
Dos n carbons, m eselohesane; 272. 273 
лигине. S64. | PH) 
OTT. See Dithiothrertat 
Dulce. [197 


E 


E. Sew Мр митет. noemene laure 

El reaction, 412—220, 414. See alse S.I 
reuclion 

aleohal dehydration. 438 

:2 reaction, d00—411] i 

alcohol oxidation wilh Cr VI d6ti 

competition Wilh S2 reaction. 
407—110, 42] 423 


elect ol leasing group, 402 


—_— 


atalka | halides With alls lie hydrogens, 
eU -NOZ 
primars deuterium isotope elect, 
402 403 
rale ш. HN) 
Teusan tor concertedness, 400 40) 
Tegioseleectivits. 406 MY? 
sxtereochemistrs. 04—405 
summuars. 411, 802 
Faton. Philip. 297 
Eclipsed conformation. SI 
n deriving Fischer projections, 1169 
Feman degradation, E3603 
laliman reagent, 1303. See aise Phem | 
INuliiiocyanate 
Edman, Pehr Victor, 1303 
Effective molarity, 514. See also 
Proximity elect 
EL See Mass specum. El 
Eicosane 489 
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Бесит Held. od Dehi, 548 
Electraesedie reactions, 1333 
Тахм Пиц. 1334-1345 
photochemical 1346. 1347 
selection rubes, E34 7f 
SAereochemistis, [544-7] 345 
егт. 1343 1346 
Electromagnetic radiation, 836 
teraction with à sibrating bond, 
5848-550 
E-lectromagnenie spectrum. diagram. 
ХАЧ 
Electron affinity. 109 
Influence on Bronsted acidits. ТОО [IU 
Electron counting, in transition-metaul 
complexes. 836 837 
Eleetron density. total. 27 
| 6- Electron rule. 837, 836-839 
] 5-Electron rule, 837, 536—839 
Electron spin. 30 
Election spin resonance (ESR. 642: 
E 


Eleciron-donanng polar effect. 114 


eetron-deticient compounds, 87 


Electronegative, 9 
Лесото саца бех, tahle. 9r 
Edevinmegansin, and chemical shiti. 
ART 
Flecironie eontieurations. ukomme. M) 
Eleciron-impaet (AE) mass spectrometer 
ASA 
Fieiron-anpact mass spectrum. See 
Muss spectrin. ET 
Eleeiron-pair displacement reactions. 
gius. 9] 
Electrons 
dalocali zation, 679 
and resonance. 710 
Joss and eain in exidation-reduction 
reactions, 4352 
«oh ated. 66] 
valence. 3 
Аил nalure. 22 23 
топгач img polar ettect, 114 
Бачор. 98, 98. 10] 
in electrophilie aromatic substitution. 
TAA 
m точ ар substitution. 378 
Flectrophilie аот. See Addition 
Tenet, electrophilic 
олер urentatic substitutton, 720, 
See also specie compounds. e.g., 
Benzene dersatives 
mechanism, 753. 754 
od substituted heuzenes; 762. 776 
ortho. para rati, 767-768 


planning organie syntheses with, 
PILIS 
reactions игин. руге. and 
thiophene, E226. 1229 
reactions ob pyridine and dern atis es, 
] 231-1234 
xubstiluent effects; 762—772 
Electroposilive, 9 
Electrospris mass spevtrometrs; 5760 
Flectrostatte attraction. 4 
Electrostatic interactions; in protein 
structures. 1315 
E]ectrostatie law. 113 
und раш effect on acides. 113 
Electrostatic potential map (EPMD. 10 
B-Elemenone, 1 372p 
[Менеп effect on acidi, 108. 110, 109 
er alvohels and thtels, 355 
F:liminaien гели. predicting. 
{21 423 
a-IEdlimination. 424 
H-Ehnunauon. 379. 380. See ufo E23 
reaction 
competition with maelecphilie 
substitubon, Ast 
|n mass spectrometers. 567 
m transition-metal complexes. 
843—844 
of carhinolamines, 927 
Empirical formula, 268 
Empirical resonance energy, See 
Resonance energy. empirical 
Enamines, 929 
preparation from aldehydes amd 
kelones, 919-9311 
pnantiomerie resolution. 249-24 | 
amd principle of diastereomeric 
miteraetien, 3060 
m nature, 403 
а-и acids. L281 1282 
колец, MÀ 
Enantiomeriealls. pure, 238 
Enamiomers, 227 
Ws reaction ренция. Mr -303 
conformational, 253 
molecules without ass mmetric atoms, 
251-253 
pomeneluture, 23]. 234 
optical activity, 238—239 
physical properties, 234-230 
relative reacli ities. 298. 299 
veparation. See Enantiemerie 
resolution 
Enantietopie оғир. 460 
tn ММК spectroscopy, 390 


nde. stereochemistrs of Diels-Alder 
reaction, $99 
Endopeptiiase, 1296 
I:ndethermie reaction. 142 
Enediol, intermediate in isomerization o] 
monesaccharidles, 1186-1187 
[nere v barrier, amd reaction rate; 158. 
IAU [62 
поје ions, 1047 
alk kinon. PRG PORN 
analogs For henes pe anions in pyraline 
derivatives, 1239-] 240) 
arvbation, His6p, 1Os8p 
vontuete-addition reactions to с, 5 
unsaturated carbons] compounds. 
pn? 1099 
formation, [0-48 
rom esters 
aldol addition to aldelis des; ТОК 
preparation, 086-1087 
intermediates 
тшме ess Cope rearrangement. 
[Аб P362 
i hase pruned aldoel reactions, 
] 064 - 1066 
in raw ation and exsehange 
reactions, IOS]. 1052 
in Chasen condensation. 1073-1074 
n base-cataiyzed aldose 
енмесе. E186 LIES? 
im hase promoted ce-halegenanoen et 
aldehs des ind ketones, 
| (059-1 reti 
molecular orbitals, [Ode 1045 
reaelion overs jew, 1031-4053 
[:noltrzatien. 16056 
of aldehydes ind ketones. 1033. 1097 
nols, 654, 1047 
conversion inte garbon Т eomnpoeunds, 
аха хатлар reaction. 
] 387- 1355 
intermediates 
in acif-catabvzed аа condensation. 
| O67 
acid-catalyzed exchange and 
racemization ef aldehydes and 
ketones, 1056 
alkyne hydration, 654. 656 
anionte ху ope rearrangement. 
зе 1362 


decarbox viation reactions, 978 


i 


шы 


LT 
tt 


— — 


— 


— 


a-hülogenation eb aldehydes «nd 
kelones, [ОХ [OAS 
in yZ reaction. 106] 


ol aldehydes, ketones, and esiers_ 
O3 3- 410987 
тиру, standard, 141 
Насихат. 812 
and proximis effect, S EJ ATS 
a hydrogenaton. 127 
of dissevialien, See Bond dissectation 
Ceres 
of formation. der Teat of lormation 
Entropy of activation, standard. 512 
and proxinuts eltect; 514-515 
reachan probability, 512-513 
Envelope conformation, of 
eelopentane, 288 
names, E22. (HS 1322 
ache site, L413 


-m 


is vulals sis, E72 

catalytic efiteienes. E315 

in enantiomer resolution af eamin 
iwids, [| 182 

пае nt. E322 

inhibition, 13518-1327 

proteols ву. 1298 
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ean reducing reaction entraps of 
activation, АТА 
specie. 1315 
yxereochemistry of vatal sis; 30. 
1116 1317 
Ens mne -substrate cemples, 1315 
ephedrine, 264 
lpimerie, 1177 
I:piriers, 1177 
Epinephrine, 1156 
ЕРА. See Electeostitie potential map 
Epoxides. AM 
попту. 33]. 337 
preparation 
esvlizaen ol halehsairins, 440-492 
from ally lie aleohols bx asimmetrie 
epoxidation. 522. 524 
oxidation of alkenes, 488—491 
reactants 
pols merizatian im base; 53? 
ring opening, 495 503 
with amines, 1132 
with Grignard reagents; S00. 801 
With nucleophiles under аст 
conditons, 497. 500, 527 
with nu¢gleophiles under basic 
conditions, 493 д} 
Faquaterial. bonds in esclehexane. 272 
Equilibrium constem, relanonsIip to 
ыш Hee energy. H7 
Ergocaleerol. See Vitamin D. 
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Ereosterel. precursor of vitamin D., 
]366 Lat? 
Erich s reagent. [230p 
Prost. Richard R.. 634 
pa iebersthrose, 11724 
Iram applivatien of Kiiani-lrsceher 
s ntiliesis fo DC I glyeeraldeli de. 
(0% 
[коп Ralf йшсигй ион of bf 0 
arabimise, 1260 
ESI miss рогат, S70 
Lssentral oil. SUF 
мате. 
ина zed оог esterilicatient. 
65 -U^h 
alka lation of earbhoxs dates. 96w 32760) 
eaters. ӨМ 
acidity, HHS- LS | 
arl, preparation, [018 
buses. ТОС PODZ 
e-hrome. preparation. [060-1062 
tert Iul. preparation, 1018 
UC NMIBR spectrescops, [060 
deris atises of carbohydrates, 1192 
enolization. [54 
hal-esters. preparzatten trom суа 
anhsslrides und ооох. 1020 
HR spectroscopy. s96- 908 
В-ке. preparation by Clatsen 
Condensation, HFI TG 
AMIR spectroscopy. 997-099 
nomenclature; 9865-988 
ob curbs acids. See Сата 


АУ 
phi меа properties, 994 
preparati 
alka lation of lithium enolates. 
ТОЕ OR 
Fischer esterification of carbos lie 
acids, YOA UGX 
trem other esters һу 
ramsestenttegtien. 1021 
тшп of acid chlorides with 
alcohols amd phenols, 10H38 
reaction ef alvehiols amd phenols with 
anhisilrides, [019 10200 
reaction of earboxvlie acids with 
ulk kaing agents. 968—470 
КААП 
acid-cualvzed пудам му, 
1005 1007 
atha lation of ester enofates, 
ке | OSS 
Clatsen condensation, 1072 [URO 
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listers (Geonminucd] 
crossed Claren condersatiaons, 
1076 1078 
hydride reduction to асори, 
1022 1023 
saponification, 1004 16005 
with ammonia and amines. 1020 
with Grienard and organolithium 
reagents, 10129. 103] 
with hydrazine. 1152 
Estrone. preparation, 1 372p 
Ei abbreviation for ethyl group. 10737 
Ethane 
bonding. 47 
conformation, 50-5. 
EPM. 74 
in ethylene production, 217 
structure, 46, 1237 
| .2-Fthanediol. See Fthvtene русо 
Ethanol 
сикы oxidation, 462 464 
sluereachemusiry, 460-47 1 
breath test, 461 
gasoline additive. 80 
КМК spectrum 
anhyvdrows and moist; 6187 
effect of deuterium exchange. 6101 
preparation hy hydration of ethylene. 
171 
production and use, 368 
solvent properties, 34 [r1 
Eihanolamine, 347 
Ethers, 324 
Һаменх. 359-360 
boiling points. 333 335 
derivatives of carbohydrates, 
1191-1193 
Hamnmabiliy, 371-372 
heterosvelic, nomenclature. 331 
IR spectroscopy, 556-357 
ХМК spectroscopy, 616 
nomenclature, 330-332 
preparation 
alvahol dehydration and alcohol 
addition to alkenes, 485—187 
alkox y mercuration-reduction, 
484—185 
nucleophilie aromatic substitution, 
SZB-SR3 
reaction of alcohols with epoxides, 
495 
Williamson synthesis. 482-484, 862 
reactions 
autexidation, 371. 518 


See index Guide on page 1-1 


Clatsen rearrangement 
of allyl aryi ethers. 1362 
uldie ethers. здр 


cleavage of aryl ethers with HBr. 871 


cleavage with hydrogen halides. 
492 4495 
with diborane. 192 
with Lewis acids, 3680 
solvation of Grienard reagents, 362 
structure. 332-333 
Ethoxs earbony] group. Gol: 
Fh] acetate 
acidity. 1043 
Chasen condensation. [072 
enolizatton Kp 1054 


mi erossed laisen condensation. 077 


IR spectrum, 998/ 
solvent properties, 3417 
Eths | alcohol. See Ethanol 
Ethyl bromide. See Bremoethane 
аъ tert hutyl ether. industrial 
SS nlhesis. 487 
Ethyl Formate, in crossed Claisen 
condensation, [077 
Ethyl fumarate, Michael addition. 
1099. [100p 
Ethy1 group, 60 
Гу radical. heat of fermaton, 2097 


ах і vins i ether, hydrolysis mechanism. 


1114р 
Vthylbenezene 
UC NMR spectrum, 748 
industrial source, 778 
preparation, 739 
2-pahy1- E hutene. heat of formation, 
14А) 
Ethyleyclohexane. conformational 
analysis. 281p 
Ethylene 
hx -product in ring-ciosing alkene 
metathesis, 854 
ЕРМ, 127, 648 
(ruit ripener, 217 
hydration to ethanol. 171 
hydrofory lation. 857 
industrial source and uses. 216-217 
z molecular оиа. 125-127. 
] 336-1 346 
orbital hybridization, 123-7125 
polymerization, 214—216 
by Ziegler Мапа catalyst, 857 
аго, ГАР 
LiV absorption, 6877, 689; 


еле elycal 
In synthesis of polyesters. [035 
production and use. 371 
reagent in сусе acetal formation. 92 | 
Ethylene oxide 
wkylation of amines. 1132 
production uml use, 370-37 ] 
reaction with Grignard reagents. 
500—401. 47| 
l -Eths 1-2- methox yhenzene, UV 
spectrum, 744} 
Ethynyl group, 645 
ireatnent in А system, 137 
Ludesmol. өкул Мем», 817p 
Fven-electron lon, im mass spectrometry, 
563 
l:xact mass, 569 
Excited state; 1343 
Exhaustive methylation, of amines. 1132 
Exe. stereochemistry of Diels. Alder 
reaction, 699 
Fxopepiidase. 1296 
Exothernie reaction, 142 
Extinction холсті. 685 


F 
UE NMR spectroscops, 622 
Paces. of alkenes. 305 
Fahlberg, Constantin, 1209 
Farnesol. biosynthesis. 813p 
Farnesyl pyrophosphate. 317p 
Fats, 1036 
saturated and unsaturated, 1036 
Fatty acids; 346-347, 960—961 
biosynthesis. PORT 1083 
FD & С Na. 6, preparation, 1144 
Ере 
иан agent in РЕТ, 306—197 
role of protecting groups in synthesis. 
1192 
Feedstock. 79 
Fenn, John P., 571 
Fermentation, 463 
Ferrocene, 727 728 
Ferulic acid. as antioxidant, 579p 
Fingerprint region, of an IR spectrum. 
44 -545 
First point of difference. nomenclature 
rule, 63, 13350 
First-onder reaction, 383 
First-order spectra, in SAMIR 
spectroseops. ӨЙ? 
Fischer esterilicution. See Esteriieation, 
acid-cataly zed 


Fischer projections. 1168-117 
derivation. 1169 
deriving [ine-and-w edec projections 
from. 1170 
determining A and 5 contigurations 
from, E172 
rules for manipulating. 1170. 1172 
Fischer proof, of glucose 
stereochemistry, 1199. 1207 
Fischer. Emil. 12043 
proof of tetrahedral carbon geometry. 
267 
Fishhook notation. 202 
Flagpole hydrogens, in cyelohexanes. 
275 
Fluoradene, acidity. 820p 
g-Fluerem methoxs carbonyl. Sec Fmoc 
2roup 
Fluoride ton, solvent dependence of 
nucleophilicity, 394. 395 
Fluoro group. deactivating and directing 
effect in electrophilic aromatic 
substitution, 7635, 770 
Fluorometic acid, acidity. 111. 958 
Fluoreeyclohexane. eonfermarienal 
analysis, 280p 
"E-2-fluoro-2-deoxs -b-plucose. See 
ro 
Flueromethane, СРМ. 74 
l'luxional molecules, E364 
Епос group. 284 
removal. 1285 
Fmoc NHS емет, [284 
IMRI, 635 
Fohe acid. | 756/ 
Forbidden periey clie reactions, 1346 
Forhidden transitions, 90] 
Force constant, 545. 346 
l'ormal charee, 6 
calculation. 7 
Formaldehs de 
ду олот sis product. EOS, 199 
Endustri] хутрі, 938-939 
product of periodale oxidation of 
turanosides, 1197 
pyridoxal phosphate-mediated 
l'ormation from serine. [1242 
reactions 
methylation ot amines. 11354 
with Grignard гит. 819 
release from construction materials. 
939 
storage as paraformaldehyde, 924 
structure, Sf 


lFormie acid. 9507 
acidity. 958; 
produet of periodate oxidation of 
ругал, 11596 
solvent properties, А417 
Formula 
condensed structural. 49, 64 -65 
empirical, 268 
molecular. 49 
Structural, 49 
Farms! group. 891 
Four-helix hundle. ТАТО 
l'ourier-transform 
IR ETER spectroscopy. 558 
NMRAFTN MR rspectroscops, 634 
Fractional distillation. 78 
Fragment топ. in mass spectrometry, 
589. 363 
Fragmentalion. in miss spectrometry . 
Sce Muss spectrometry, 
ragmentation 
Franklin. Resalind. 1249 
Free enere. standard 
ol activation, 158 
relationship lo rate constant. 384—385 
of dissociation, [06 
rekulionship to pA. 112 
relationship to equilibrium constant. 
[17 
relationship to standard enthalpy, ЁЁ 
4.1 
Free radicals. 202, 201. 212 
chain reactions. 2(02— 7 
clussifivation, 208 
heals of formation, 209; 
inhibition hy phenols. $64 865 
mtermoediates 
in alkene polymerization. 214—215 
in alls lic and Репу bromination, 
794-795 
in NBS bromination, 797 
и мо versus addition. 
795 796 
ТИЛГЕ 
alom abstraction, 203 204 
ПАШАШ notation. 202 
mechanisms, how to write; 206-207 
propagation. 203 
recombination, 205 
steps, 203 209 
Substitution, 365 
with iz bonds, 204, 215 
relative stabilny. 209 
structure, 210 
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Free-radival initiator See Imitator. [rec- 
radical 
Free-radical substitution. 368 
Freons, 367-308 
Frequency, ob a wave, 537 
relation te wavenumber and 
wavelength. 54] 
Freud, Sigmund. 1157 
Friedel, Charles, 761 
Fnedel-Crafts acylation, 759. 761 
intrameolecular. 761 
of furan derivatives. 1227-1229 
of phenols. 869-870 
substituent effects, 776 
Friedel-Cratts alkylation, 756 
of benzene, 750 759 
ef phenol, 870 
substituent effects. 775-776 
Frontier orbital theory, 1335 
Fronter orbitals, 1339 
Prost circle. 722. 723 
Frost. A. А. 722 
p-Fruetose. 1177 
in base-cataly ed isomerization of 1: 
glucose and D-mannose, 
1146 1187 
mutarotation. 1184 
pyranose and luranose forms. 1 184 
L.6-Pructose diphosphate. reverse aldol 
addition, 1070р 
D-bruclose-6-phosphite. enzyme- 
catalyzed isomerization, 1187 
FTIR, 558 
FTNMR. 634 
Fucose, 1215р 
Fukui. Kenichi. 1355 
Fumarase enzyme, 172 
slereoachemistry of reaction, 300, 302 
Fumarate, hiological conversion int 
malate, [72 
stereochemistry, 300, 302, 280p 
l'umaric acid, 950r 
Fuming nitric acid, 775 
[ийип sulfuric avid, 755 
Functional groups, 8E, inside front cover 
oxidation slates, 458: 
Functional-2roup transformation. in 
orvamic synthesis, 520 
Furan, 331, 1178. 1221] 
application of Hüekel 4н + 2 rule. 
1222-1223 
dipole moment. 1222 
empirical resonance eneres, | 2237 
in nylon synthesis, 1035p 
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Puran forried? 
Pei E OTTS 
d a diene im conpugate addition, 
|229 ] 230 
Diels Alder reactions, 095, 12 30 
Friedel Crafts aes lation. 123227 
relative геену in electrophilic 
aromatic substitutien, ] 228 
resume structures, [22 | 
Furanose, 1178 
Haworth projection. TISI 
Furanoside. 1189. See afe Сос 
luranosides, periodate osidation, 1197 
Furtural, 59] 
in ns len synthesis, 1035p 
Further Explorations, [0 (footnote! 
Fused biey che compound, 29] 


G 
AC Lee bree energy. standard 
Ci] catals «t, See Grubbs GI catalyst 
G2 calalyst. See Grubbs G2 catals st 
svimhesis. [145-1146 
Gabriel. Sieemunid, 1146 
pi-i )-Crahiiclose, 1174; 

[rom hydrolysis of lactase, 1205 1 206 
Стао уа. 1206 
Gauche conformation. 24 

ol E3-hutuliene. 680-68 I 
Ganete-butane, See Butane, 


НИТЕ 


молого 
CGoiueche-hlame Mieri ti tns. qn 
methyles duhexane, 279 
Oeosmim. bless nthesis, 817p 
Суан, МОН 
Biosynthesis 811 St2 
Geranyl pyrophosphate. 812 
Gerhardi, Charles. 49 
Ciermaeroene. 1372p 
Сайыш warming. 76-77 
amd bieluels, 309 
amd Ireons; 367 
Glucagon, ВАЈАР 
CGlucarte acid ИСА 
Glucitol; 1193 
Gluconie acid. 11593; 
Dy Glucopsranose, See ufar 111 1- 
Lalie 
avet lajon, [192 
ünomgers, |179 
mutarotatton. 1183 1185 
N MR abserpiions, 1179 


p-Glücesamine, discovery. 1212 


See index Guide on page 1-1 


I Glucosamine hydrechlonde. rem 
chitin па иу, 1211. 1212 
гга Сла, E0745. See afko D- 
CGilucem ranose 
absolute vontiguraton, P203. E305 
as des elie асса. 924 
hase-caials zed gsomerizatien. 
LIEXG- [187 
lermenttien to ethanol, 369 
[rom hydrobysts of lactose. 1205. 1206 
proof ef stereochemistrs, 1 E99. [2005 
p-Olucese-t- plisphate. enzyme- 
catalyzed isenienzation, 187 
p-Cilueose-6 phosphate isomerase. E187 
Саитов aehd, | [83 
Сиш acid, structure and properties, 
RT 
Olütamtne. Struchire and properties. 
| АА 
шагал. 6507 
асту. 9587 
D-UÓeEmGIyveralilehs de 60 
ghyeerallvhyde[. 1 E747 
application of Kilian Біле 
synthesis, 1206 
Һам od 3: system. 1175 
structure and speeifte nutun. 238 


tih veraldehs de-3- phosphate. product ot 


антах reaction. Up 
Olseerel (12.3 prepanetrioli 
in structure al fats, 0356 
in structure of phospholipids. 446-348 
Слет оце, 030p 
CGilyeers ] trrstearate, ТОЛА 
Cils cine 
pyridoxal phosphate-mediauted 
[гиден from serine. 1242 
structure and properties, | 2681 
Аа. 323, 503 
periodate eleasage, 306—507 
preparaien 
reaction уно ех м Ца sw ater, 488 
rec tion ef alkenes with OSG), and 
Кып AUS ADA 
Glycoproteins, 1212 
Giseosndes, 1188 
Fenmulien. ] ESS 
Irem reaction of monosaccharides and 
alkohols, 1188 
hydrolysis, 1189. 1196 
maturails аздт. [190 
CGls ох bonds 
i disacehiarales, E208. E207 
Hr чистое. E207 


Campers, Ах. ОГ 
Goods ear, Charles, 709 
Green chemistry, 856 
Crema reagents; 361—364 
пестеп. 664 
alls lic, 7099 ХОВ 
formation, as an пае ой, 
sath 
preparation, 361-2362 
Peas 
protools ses, 362-363 
With aldehsyches and ketones. YES 920 
With carbon dioxide, 963 “64, 975«p 
with esters. 1030 
with eths lene охи, 800-50]. 52] 
with indole amt pyrrole. 1226 
WIth e З-он carbonyl 
compounds. НОА 
Grienard, Victor, 361 
Cirounid state, 1343 
Cirubhs GI and G2 catalysts. for alkene 
зс! МА. 852-856 
Grubbs, Robert H.. 856 
Guanine. | 24h 
anost. 12-477 
Cians He anid, 12477 
| -(33-Gulose, role in prowl ed siare 
slerecchemistrs, [202 
p Cruse, 11747 
Gutta-pereha. 22235 
Gs romagnetie rato, S81, 622. 643p 


H 


'H NMR. 378 
АА See Enthalps. standin 
Hair. 1310 
Hall-evstine, E2687 
Hall-reaction. im oxidation. reduction. 
452 
Haleforms; 325 
preduets of hase. promoted 
halogenatim of aldehs des and 
ketones, POSG [060 
Flaleturm reaction, 1059 ] 060 
Halogenation 
of aldelis des and Ketones 
acsd-catalyzed. 1057-1058 
hase-promoted. 10359-1060 
af benzene, ГА] 
Halogens 
addition io alkenes. [81-183 
deactis aning amd directing etheet in 
electrophilie arama 
Suhspiuren, 76037. 


хин гапт. ЕВУ 
preparation, [83 PSS 
exeliration te epoxides, 49]. 497 
Halothane. 366, 37535 
Hammond, George N.. [65 
Haramni s postulate, E64. 1606. 165 
applicate 
ЖАША dehy draton, 439 
to allylie and benzs е оха, АПА 
tio electraphitle armate substitution 
ab pyridine deris ates. 1333 
to electrophilic substitution et 
prrole, 12274p 
to Pree-radical аитп ot Hir ta 
alkenes, 2171 
to HEr addition to alka nes, 653 
bo hydrogen habido additum t 
whkenes, 163 166 
пуз! EI reactions. 446 
lo electrapbulie aromate substitute, 
TOA, 07. TOU 
Use WIL resenanmee structures, 715 
Hanseh. Cors in. 3340 
Hard water, 963 
Hartwig, Jobn de. 01435 
Hals, The Abbe Rene Just; 259 
Haworth projections, 1080. E181 
Наста. Sir Walter Norman. E181 
Пеш od formation. 141 
liech reaction. S48 818 
Heck, Richard b.. 845 
Heisenbere uneertainty principle. 23 
a-Helis, right handed. in protein 
сыг structure, 13408 
Hell Vollhand Zelinsks reaction. 1001, 
iO. Об 
Heme, 1255; 
Hemiaceials 922 
Intermediates in acetal formation. 923 
със 
in aliduses. 11783-1182 
mutaretatien, [183 
Hemoslobin, 1255; 
teris and apiaternars чтит, ТАТУ 
Henderson Наз Шс eguan. 939 
орна Лепе, хооп reaction 
wih TONE. [Aun 
24.6 Heptairien- Еу ss «em. molecular 
orbitals, 1342р 
Herschel, Ste John К. М 259 
Hess law def constant Пеш 
"ummatieoni, 142 
application to heats ed Топтап, 
142 143 


Hetereateuns, 1220 
Heterocselie compounds. 331, 1118. 
1220 
аген, 1220. 1264 
uromativity, 725,1] 222 
Heterels sts. И 
Heterols tie process, 201] 
Hesacs апос И ion, orbit 
hybridization. SAS 830 
I iexahelicene. 787p 


[223 


| iexamethisienediamine. starting 
material for avon synthesis, 1034 

Hexane, solvent properties, 34 D: 

I.6-Hexanediiumimc. Sec 

Hexameths lenediimime 
Hexanol. IR spectrum, ААТ 
55-4 E Hexatriene. UM absorption, 
su 

(£1-4-Hexene. IR «spectrum. 5546 

| -Hexene, heat of formation, 1434 

Нехо, 4174р 

Hexose. 1167 

Highest occupied molecular orbital. Sec 
HOMO 

High-perlormanee Пр 
chromatograplis; See HPLC 

Нирриг avid, 1272 

Histamine, 1261р 

Histidine 

decurboxs lation, 1261р 
siglare amd properties. E2687 


HEN protease 
catalytic mechanism, 1320 
пто as drugs. 1320-1 327 
Hoffmann. Roald. 1335 
Hofmann elimination. 1136—1137 
Hotmann hy pobroemite reaction. Sec 
Hofmann rearrangement 
| afmann rearrangement. 1132-1152 
Jereochemrstrs; 1133 
Holmann, August Wilhelm, 1136 
HOMO. 688, [339 
n L'V-xis speectriseops, 685 
Homologous series. 49 
Шты, 202 
Homolytie process, 201 
Homotopic. 4606 
Howie Там and IR spectroscopy. 
345—540 
Hormones. LEG 


Hough. Leslie; 1209 
HPLC. ip imino awid anais sis. 129 3- 
| 205 
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Hitched ter 2 rule, 72]-72Х 


Wieroeveles, 725, 


applied от 
] 122-1233 
Hudson. Claude 5. 1197 
Hughes. E. 1X. 432p 
Human Genome Project. 1251 
Human maniunodetieienes viris, See 
HIM 
Hund s cubes, 31 
HM reacio, HE, 1000. 1052 
Hs Prid erbirals See Orbits. hybrid 
Hybridianon. See Orhbitals. 
hs hridization 
Ps dirate. ot an aldehs de or ketone. Sil? 
Hydration 
ol aldehs des and ketones. OOF, 
uie OTOL ds 
representative А values, 9111 
ol alkenes, 169 172 
at alks nes, 684—657 
Hs raüzine. reactions 
With aldehydes and ketones, 928; 
with esters. 1152 
Weli-Rishner reduction, 931 
| is Игало 
formation [rim aldehsdes and ketones. 
UNI 
mier mediate in ilo Wollt Kishner 
reduction, Y3] 
Hydride ien 
hsalride reducing agents из sources, 
914 
leas iig group in the Clichihabin 
pezetion. 1233 
Hs dride reductions; 916 
Hs dride shiii in carhocation 
rearrangements, 156 
Hs drixndlie acu. acidity. 1037 
Hsurobperaton, 179. 191 
e] alkenes, РӘС 192 
ШКА nes with сосот, 849 
Vis dreboratien-esadation 
al alkenes. 193 
comparison with 
OS Vinereurabon-rneuction. 
jJ [УА 
»«ereecchemists; Alt 313 
at alls nes; 638-639 
Hydrobremie asil, See efe Hydrogen 
манили 
вих. HOT, 
НА Чана, 2,46 48 
abiphiatic. 47 
ит. 45 
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Hydrocarbons беоне) 
saturated, 122 
unsaturated. 122 
Hxdrochlorie acid. acidity. ТОХР 
Hsurocs ame acid, See Asdroven 
стапе 
Hydrotluaric acid. See ahe Hydrogen 
{шота 
acidity. [037 
Fydroformy ation, oyo reaction, 837 
Hydrogen atom. atomic orbitals, 23-32 
Hydrogen molecule. See Dihydrogen 
Hydrogen bonding, 336-339 
acceptor, 336 
analoes to Bronsted acul-base 
reaction, 337 
donor, 336 
effect on amine basicity, 1125 
effect on amine boiling point and 
solubility. 1120 
effect on hoiling point, 338 
etfect on nucleophilicity in the $42 
reaction, 341—390 
ettect on кириу. 342 
in carboxylic acid diners, 954 
in DNA structure, 1249. 1251 
in enol stabilization, 1053 
m Tonic sels або, 344 
in NaBH, reductions. 915 
In NaCNBH, reductions. 1134 
in peptide e-hehis, 1209 
in peptide fB-strüeture, [3509-1] 310 
in protein structure, TALI 
Hydrogen bromide. See also Hydrogen 
halides 
addition to alkynes, 652-653 
free-radteal addition to alkenes. 
(HL 214 
Hydrogen cyanide 
acidity. 103r 
addition to aldehydes and ketones, 
907-909 
addition to imines (Strecker sy nthesisi. 
| 280-1281 
conjugale addition to ec fB-unsaturated 
carhon] compounds, 1092 1093 
reaction with aldeses, | [98 
Hydrogen fluoride. in solid-phise 
peptide synthesis. 1290 
Hydrogen halides. See afse specific 
compounds. e.e.. Hydrogen 
hromiue 
addition to alkenes. 147—150, 154-157 
wdditton to alkynes, 6525653 
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addition qo conjugated dienes, 
FOU FOUR FOS FOF 
ether cleavage. 492 495 
reaction with alcohols. 440443 
Hydrogen molecule. see Dibsilropgen 
Hydrogen peroxide 
reactions 
decomposition of ozondes, 187. РОЧ 
oxidation ot sulfides. 319 
oxidation at organoboranes te 
Шор. 193 


lormation of pyridime-V-oxides. 1233 


structure, 19f. J4p 
Hydrogen ИНС 
structure, if 
acidi, ТОЗ 
Hydrogenation. See afso Catalytic 
hydrogenation 
enthulpa, 147 
Hydrosens. in molecules. classification, 
67 
e-Hydrovens, in aldehydes and ketones, 
89] 
Hydrolysis. 922. See afse Protonolysis 
ol саста, 932-923 
Hydronium ion. асын. 1037 
Hydrophilic groups. 348 
Hydrophilic residues. 1312 
Hydrophobic groups, 348 
Hydrophobic residues. 1312 
Hydeoquinone, 741., 823 
oxidation. 862 
]Hydroxamic acids. 1020 
preparation, from esters and 
hydroxyhimine. 1020 
Hydroxy мкр, 323 
activating and directing effect in 
electrophilic aromatic 
substitution, 76.3 
a-Hydroxy carbocations. See 
Carhocatons, ce-alkoxy and er- 
hydroxy 
B-Hydroxy aldehydes. See Aldelys des. 
hydroxy 
B-Hydroxy ketones. See Ketones. B- 
hydroxy 
Hydroxy lamine 
reaclon with aldeln des and ketones. 
ERE 
reaction with esters, 1020 
2-Hydroxypyridine. See 2-Ругшопе 
N-Hyuroxvsuccimmide. See NETS 
Hypereenjugation, 152 
molecular orbital explanation. FE 4.3 


Hy pobromous acid, eiectrophile in 
Bromion. S608 

Hy pophesphorous aci. reaction with 
diazenmun salts, 1142 


і 
Ibuprofen, 264 
p-t-i-Idose. E1747 
midazele, L221£ 
Imidazule, basieity, [2253p 
Imides. 990 
петти, 99) 
preparation from evclic anhydrides anal 
amides, [020 
тич acids. 09-1010 
fmines. 926 
preparation from aldehydes and 
ketones, 926—929 
intermediates 
in py ridoxal phosphate-medialed 
reactions, 1243 
in reductive aminzton, 1133 
in the Kiliani—Fischer synthesis. 
199% 
in the Strecker synthesis, 1281 
Immimum ien. intermediate in пее 
anmnation. 1134 
Index of unsaturation. See Unsaturation 
number 
Indian meal moth rpaniry moth). 
trapping with pheromones, 
Gon - 66 
Indinavir. See Сут 
Indole, 1311} 
avidity, 122% 
hasicity, 1224-1225 
reaction with Grignard reagents. 1226 
Indole derivatives 
Larsen Chen synthesis, ] 264p 
Reissert synthesis, 1264р 
[Induced dipole; 71 
Induced ft, 1322 
Inductive cleavage, in mass 
"peetrenietry, 567 
in miss spectra er aldehydes and 
ketones, ӨП 
пре ейел. See Polar effect 
Infrared spectrometer. 557 
Intrated spectroscopy. Sec IR 
SPEC los apy 
Intrared-actise aid -inactive, S31 
ишә, Str Christopher K., 135 
Inhibitors af enzs mes. competitive, 
1318-1322 


Initiation. step in free-radical chain 
reactions, 203 

[mtiator, free-radical, 203 

Insulin, | 326p 


Integral. in MMR spectresenpy, 592. 593 


Intermolecular reactions. 512 
Internal mirror plane. 229 
Internal rotation. See Rotation, internal 
Intrameleeular reactions. 812. 510. 518 
Introns, 1305 
Inversion ef configuratted, in 
substitution reactions, MEZ, 389 
[vert sugar, 1207 
[nvertases, 1207 
Iodine, reagent for iodoform test (with 
hase, O6 
lodo group. deact ating and directing 
effect in electrophilie aromatic 
substitution, 763; 
lodoaecetie acid, alkyIanon ed proteins, 
лр 
lodoform. 325 
[odoform test, 1060) 
lodohydrins. 1834 
Jon channels, 355 
lon pairs, 343 
Intermediates in 8,1] reaction. 419 
lon-exchange chromatography, 
1277-1279 
[on-exechange resin, 1277 
[ome bond, 4 
long compounds, 3 
selubility, 343-346 
lonization potential, 109 
effect on Bronsted acidity. [09.1 10 
lonophores, 381-355 
fons, solvation, HA 346 
[psdiencd. 814p 
IR spectrometer, 557 
IR spectroscopy, 540-538, Sec afwo 
various functional groups, eis. 
Alkenes. IR spectroscopy 
effect of bond strength on absorption 
position, 5435-546 
effect of mass on absorption position. 
847-548 
mechanism of IR absorption, 3548. 550 
physical pasis, 542—544. 548-551 
practical aspects, 5258 
summary of key absorptions, A-3-A-4 
usc Wilh NMR spectroscopy, 629-637 
IR spectrum, 340-547 
regions of the IR «spectrum. 344. 545 


[пат reducing agent fer nitro 
compounds, 1147 
Iron HT? urbromide. саа in benzene 
halogenation. 751-732 
гог Лопе. сай, st in 
l'riedel-Crafts acslation. 760 
Icibuts | cation, heut obf formation. 1512 
Isobuty] group. 60 
Isobutyiene bromas drin. EPM. 1847 
Гыл antes 
preparation by Curtius rearrangement. 
| [50 115] 
reactions, 1151 
]soelectric pH. See Isoelectric point 
Isoctectrie point; of amino acids and 
peptides, 1273—1256 
Isoleucine. siruvture and properties. 
| the? 
bomer compounds. See Isomers 
Peeters. 8, 57 AM, Nee iwo 
Slerenpscers 
constitutional. 88 
шешти, See Constitutional bomers 
Isoniazid. | 345p 
Isoepentenyl py rephosphate. 811 
Isoprene 
and terpenes. МО? 
UV spectrum, 6847 
Isoprene rule, 807-808 
isoprenatds. 808. See uho Terpenes 
Jsaprapens] group. 433 
Isoprepyl group. 60 
Isopropi | radical. heat of formation. 
200, 
IMeaqguinaline, T2217 
lsatope eflect primary deuterium}. in 
the E2 reaction, 402 403 
орех. In mass spectrameltn. 
560-567; 
IUPAC, АК 59 


J, K 


J. ММК coupling constant, 597 


Katsuki, Tsutomu. 524 
Katz. Thomas J., 718 
Кеки. August, 47, 717, 807 
Kel-F. 316: 
Кеш. 921. See Асет 
Кеспе. [R carbonyl absorption. 497 
Kel acids, а- aml B-. See Carhoxylie 
iwids. e- and. £- keto 
B-Keto esters; Seo Esters. -kelo 
Ketones, 888-889 
acidity, IHS LOS] 
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basicity, HH- ЧА 
UC NMR spectroscopy, 898 
cycle. IR carbons! frequencies. 897 
e-halo. nucteophilie substitution 
reactions, 1062 
a-hydross, preparation, 1065 
B-hydroxs 
dehydration im aldol condensation. 
HGS- 1066 
products otf akk addition, 
1063- 1066 
intermediates, in Grignard reactions of 
esters. ТОЛ 
IR spectroscopy, 895-8UT, 997 
mass spectrometry, SO]. 902 
methyl. haloform reaction, PUS- LOGU 
T molecular orbitas, 889, YOY 
AMR spectroscopy, NSOT—RUR 
nomenclature. 890-894 
physical properties, Ы 8935 
preparation 
iceloacetie ester synthesis. 
10901001 
alcohel oxidation; 439. 460 
anionic oxyCope rearrangement of 
allvlic alkoxides, 1361. 1362 
catalytic hydropenation af rr. f- 
unsaturated ketones. E101 
Friedel-Crafts acylation of aromate 
rings, 739—761]. 1227 1229 
hydration of alkynes, 654-657 
МО. oxidation ef alls De and 
hens lic aleohols, 803. 405 
azonol sis of alkenes, [97-199 
reaction er acid chlorides with 
аит dialkyleuprates. TORI 
reavhion OF carboxvlie acis with 
organelithium reagents, 982. 981p 
гесин of lithium dialkvleuprates 
мир ec f-unsaturated ketones, 
1102 1103 
reactions 
acetal formation, 92]. 924 
ec halogenution 
actd-cataly zed. ТПА ОАК 
base-promotied, 10759-1058 
a-hydrogen exchanee 
дса уой. 1056 
base-eatalyzed, 105] 
racemization ab the e-carbon 
acid-catalyzwd. 1056 
base-catalyzed. T0527 
хаап hydrogenation, 917 
Clemmensen reduction, 932-933 
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Ketenes ferriit] 
complex termanon with АП) 
trichloride, fat) 
crossed Chusen eondenmsattens, 
jr VAIS 
cs unolis drin lormation, 907. 909 
enolieéation. ТОХА 1057 
hyulranon, 907, 909-910. 9L 1; 
hs те reduction te alcohols, 
GJA Yl? 
Wide and oseryi, SO £875 
геле amination. 11533 11335 
А nh amies, 976. ЧАП 
With Grignard reagents. 918. 920 
Witte alkene synthesis. 933 936 
Wolth Kishner reaction, 93]. 933 
[V ралган ру, UO. SUO 
Ketopertosc. E167 
Ketoses, 1167 
bise -eatalbv Al отео. 
11а 1187 
K haraseh. Morris; 200 
Kilian. Нечы. 1199 
hiliani-Eisehier synthesis, ТРОХ E199 
In prec of elucose stereochemisirs, 
LOO 
kinase, 13606 
Kinet control, 705-707. 708 
in carbons | addition to e Зип] 
carbon | oempounmds. 12936 
Kinetic order, 383 
Kolbe. Hermann, 2, 262 
kórner. Wilhelm. 784p 


L 


Labetalel hydrochloride, 1 1595 
Lactuns, ФОС 
| actebrenie ucid, From Кили oxidanon. 
| 06 
аси. 988 
B- und lactones, 988 
Formaten Brem aldarie ies; 11935 
formation rom aldone acids. 1194 
lis drolyss. | OD? 
патот Вито, NS 
(+) Factase, 1208-1207 
hydrolysis; 1206 
oxidation by bromine w aider. 
1206. 1207 
| adenburg benzene. See Prismane 
Lambda-mas КА ob at Daas 
»pectroscoms, O85 
| aure and, 830r 
Liusvoistern Antoine Laurent. | 
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Le Bel, Achille. amd the postulatan od 
tetrahedral саған seometry, 
26l -262 

Feud) acetate. use as u toxic 
sweetener bts 


Тепа, 747 


— 


чили groups. 99, 98. [61] 

in nucleophile substitutions. 375 

elect on rule of 8,2 reaction, MIN-AQU 

eltect on rate ob aucheaphilic acs | 
substation reactions; ТОТА [013 

Le Chatelier’s principle. 171 

стах. 5-48 

Lehn, Jean-Marie, 353 

Laverne. structure and properties, 12687 

Lexoretaturs, 237 

Lev ulinic цен, E1045 bled 

Lex ulosc, I7 

Lewis acids, $% 


зм LEIGH reactions Wath Lewis bases. 


х7 ЧП, $8 
m iransalion- metal complexes, 
NA NA 
edlectren-deticient 87 
reaction With Lewis bases; S8—UO 
Lewis Buses; B8 
ахлона deuetions wh assis acids. 
WI ЧО, SN 
m агач пча complexes. 


МАЧ. NL 
ligands in tramaron-metal eompleses, 
SAC 


Lewis structures, А 
rules for write, 5 

Lows da NA 

Ligands. in transition metal complexes. 

HAT. мл; 

aswatan, ЖАЧ—М-Н} 
drsswerantionm, 8 39-84 
insertion. 842 
L- and S-type. 833 

Bay 40) 

Aght. See efe Electromagnetic 


ИНО. . 


ШИШИГИ 


speed el; 541 


= 


лка х схе ПА, volubilis rule. 
АЛ 343 

lI. imonene, SOS, 8143p 

andhar catalyst. 639 

Line-and-wedee structures, 255-259 

Linear geormetrs, 17 

lines, in NAIR spectiscops, 879 

| ipid. 346 


Liihium aluminum hs dride. reactions 

reduvctien of aldehyde and Ketones te 
alcohols; 914. 916 

reduction of anmides to amines, 
[24 [025 

reduction ef eurbexs lic дра te 
primary alvohols, 974-975 

reduction eb esters te Шорех, 
192 1023 

reduction or nitriles po inmes. 
[Ол 1027 

w rh epoxides, 944p 

with nitrebenzene. 1147 

with e. B-unsaturaed varhan d 
compournis, 1 [00-7] 10] 

v ind wer, 916 


— 


ишт eveluhexs lisoprops lamide. 
LUST 

линт dialky leuprates, 801 

hieher-eorder. S02 

терага. AGL 502 


FUCHS 
With acil ету, THAI 
with ек Дога carbons | 
ecompotmds, TOI LIOS 
With epoxides, MH 503 
Lithium diisepropylamide. РО 
Lithium eiert uos aluminum 
уги, 1028-1029 
| obs de Broan. Cornelius, E186 
Lohr de Bruyn -Alberda san EKenstem 
reaction, 1186 
lowest uneccupied molecular orbital. 
See LUMO 
нт]. 833 
Lumisen, | 3675 
LÀ MO. 390. 688, 1339 
i carbons ооп, 908-069 


I. tpe 


iH S. 2 reaclien siergochemistes, 390 
ip UM. vis spectroseops, ONR 
2.6-Lutidine. агата, 1232 
[s чени тн; 
valab tiec тасса, 13325 
КИК АМЧ раат, 324p 
primazs structure, 12977 
secondary siricture, ТАТТУ 
p-t-r Ls yose, 174: 


M 

т. Sce Meta 

MacK&Innoan, Rederick., АЛА 
Ead cow disceuse, 1313 
Magie avid. 153 


NTagnesiuni moneperoxs phithalute. See 


MIMPI 
Magnetic dekh in SMR spectroscops, 
aM| ANG 


Манпепе resenanee imagines, 0634. 6335 
Xaenetaex re ratio: See Cry ca eee tie 
ИЦ. 
‘Maillard remction, [юр 
Марг тенту in МА. TISH 
Alake, Банти com гын into 
funarale. Ssterecvhemistry, MEG 
A07. -480r 
МАГ mass spectrometry. 570 
Микс zeni ӨМ 
Маа anhydride. 10260 
in Diels. Alder reaction. ВМ 
Ман acid. ЧАП 
ис, USS 
derivatives, decurbexs utin, 977 
in the malonte ester synthesis, [085 
Mialanio ester synthesis. ТОКУ - TORS 
In preparation of e-anmnme acids. 
| 2 7u- H28U 
NIulons CoA, P82. 4р 
МАЧИ [11р 
Микиге Ps a dioxule 
acia anon. NE 
vo- prosit from exrdatieurs s ИП 
KMn.. МЮ 
ini alils Lig and henzs [e oxidation. 
NS sU 
arr Alamose. 1174 
Base-a eodd isomenzabion. 
хе МЧ? 
игнор slusose stereochemistrs. 
(и 1203 
М Гатин ч Еа. Marling талны for 
FSC: preparation, 397 
Marker deeradation. 298 
Marker, Russell, 29? 
Markos nikov. Vladimir 145 
Slarkevnikosy s reie. E48 
Nass spectrometer, 388 
description, 368-5 А) 
electron мтр. ASS 
Alass spectrometry, ЛАМ АЎ], See ihe 
Мих spectrum 
Чаеви тенот, Abo 568 
Ei electron отра, 859 
ESI und MALDI AAI 71 
Iraesnmentation, 539. M, 5653. S69 
hiuementation meelitstis, S64. 569 
m peplidy sequence, 1290. ] 303 
nominal and exact masses; 569 


Шеш М-М Sa. 1299-303 
fy pes ol Fragment pans, 563 
usc wh КМК spectroscopy. 629. 637 
Mass spectrum, 899 
Pase peak. Sd) 
Clichemical-ionizationi, 66-65 
РКАШ ИШИМДЕ, 
мор peaks; S60 363 
molecular ion. 56ih 
rejate abundance, 839 
Alass to-charge rutin, 559 
Material Sael Data Sheet ATSDS a. 190 
Maxwell -Holtzmann distributi. 160, 
lo 16] 
Alci.alferts. Fred. 902 
Alct.alkerts rearrangement. 9802 
mCPBA. In von ersion of alkenes mto 
epoxides, 48% 
Ale. abbreviation for methyl group, 
ERI. 
“Меша. ob it reaction. 149 
Alechlereihamtime, 532p 
Xleisenheimer complex. 829. KAU 
Мешти point 73 
Апана. See Cell membrane 
2- ап |MMenuthene: 432p 
Nlenihel. БШ 
wemh | ebore. 433p 
Mephenesin, 584p 


Mureaptans, sec Thiols 
Nereaptides, 356 
s ЛАТ 


ob heas y metu 
Nlereaplo group, Sec SulfBisslrs | group 
2.-Mlercaptoethanal in disul tide bond 
сілам, 1298, 1313 
Mercurie acetate; See Mereurw Ili 
ШОСЕ 
Mercurie ton. catalyst For alka ne 
hydration. 6355 
Nereurinim ton, intermediate in 
oxyamereuration of alkenes. 
нг [88 
Мерсигу, lahoratory use. 191) 
Мо О acetate 
m alkasymereuratien, 434—485 
In ox Inercuratien, ТАЯ 
Мон, K. Brive, 128 
Micscaline. PY say 
Меен acid, һу нг sis. 1046] 
MMesity] oxide. preparation, 1066 
Mesits lene 
hromnmalion, 774 
L'N spectrum, 7307 
Mese compounds. 246. 249 
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Alessenger RANA. PDAS 
Ales late; 444 
Sela nomenelanure prelis. 74 
\eta-directing group, 76,3, 7060-7 7607 
ATetallaes ele. S54 
Ма 
apprexinale рА 109% 
Аира sources, /8 79 
ЕТ inuss spectrin. S58. AGH 
vlectron censis, 38 
hy pril orbizats, 47 ТАЕ НН 
structure. LAr TS. Те 17/ 
‘ethane sulbunte atid. 443 
STeihanesulfens От, preparation. 
97 | 
ATethanethiol. structure, АЛА 
Маал 
ММК spectrum, etfect at chemical 
echange, 62 | 
produton and use. 3710 
selsent properties; 34; 
"Eruecture. 133 
Mething protons. 888 
Methiemne 
im proteins. oxidation, 519 
oxidation Wath His drogen peroxide. 
RAF 
structure cuni properties, Тев 
Амол, sultoxtle, in proteins, and 
Антил s disease. S19 
Nethoss арор, Sec also Allkoxy group 


orbital s оар im electrophilic 
arent substibputnon, 270, 77] 
«tubstituent effect on solely sis 
гышлап. 79] 
Methoxs benzene, See АТО 
p-Methoxs Репа acid. acidity; YAS? 
Moeiiisscarbonms] eroup. УЧ 
Мех Hurang. 366, 3735 
NIeths ] alcohol. See STethanol 
X махалле. rotational barrier, 
| Leto 
МТА T rere buts ether 
gasoline Че, SO, 371 
пича sintesi. 487 
preparation, Рр 
Аах агратии, 9 | 
А Тт | erou, 60 
Meus лен Че. n ether formation in 
varbohydrates. 119] 
Мх | methanesulfenate. in DNA 
alkylation, E233 
Aeth | orange, E143 
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N-MethylI-p-nitroaniline, гоо 
barrier, | 160 
Methyl protons, 588 
Moths radical. heat of Formation, 29 
Methy! salicylate, 717 
p-MethyIbenzoie acid, acidity, 9587 
2-Methyl- 1 -hutene. heat of formation, 
] 44 
3-Meths1-] -hbutene. heat of formation, 
144 
Мех leyclonexane 
conformations and conformational 
analysis, 277-28] 
models. 1787 
relative enthalpies. 279£ 
Methsidiazonium ion. 969 
in DNA alkylation. 1253 
Methylene (carbene). 427 
Methylene group, 49 
Methylene chloride. solvent properties. 
MI 
Methylene todide. reaction to give 
Sammons Smith reagent 
Methylene protons. 288 
Methyleneeycluhexane, preparation, 
JH, 933, 1136 
5-Meths |-2-hexanone. mass spectrum. 
ШАП 
N-MethyImorphotine-N-oxide (NAINO. 
MM 
N-Mleths I A-nimoscurea. 
carcinogenicity. 1253 
2-Methyl-2-pentene. heat of formation, 
47 
(£)-3-Methyl-2-pentene, heat of 
formation, 1421 
(£)-4-Methyl-2-pentene. heat ot 
formintion, 143; 
Methy pyridine. See Picoime 
A-Methyl-2-pyridone. preparation. 1239 
N-Methylpyrrolidone. solvent properties, 
Jlr 
Micelles. 962 
Michael addition, (UO? 
Michael, Arthur. 1098 
Micrometer, 541 
Microscopic reversibility. principle of, 
171 
application to perieyetie reactions, 
[347—] 348 
Millimicron, 684 
Minor sroove, in DNA, 1250 
Mirror images. and chirality. 226-229 
Miscible, 342 


чо, 1098 
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Miyaura, Norio. 851 
Mizotoki. T, 845 
МАРР. in conversion of alkenes inte 
epoxides, 448 
MO. See Molecular orbitals 
Modhephene. 814p 
Molar absorptivity. 685 
Molar extinction coeficient. 685 
Molecular formula, 49 
Molecular geometry, L3 
methods for determining. 13 
prediction, 14—20 
Molecular ion, in a mass spectrum. 560 
Molecular modeling, E7 
Molecular models, 16 
Molecular orbitals (MOs). 32-36 
and aromaticity, 721—724 
and Lewis structures, 36-37 
and resonance, 702—704 
and stereochemistry of carbonyl 
addition, 908—909 
antibonding. 33, 1336 
in ethylene 7%), 126 
bonding, 33, 1336 
classification by symmetry, 1337-1339 
degenerate, 722 
Frost алге]. 722-723 
HOMO and LUMO, 688, 1349 
in oxidative addition, 840-84 | 
in LIN 51 spectroscopy, 686-688 
NEMO. 703 
or ally] cation, 7037 
of benzene, 721 -724 
of carhonyl compounds, 8897 
ot conjugared alkenes, 1336-1 340 
of conjugated ions and radicals, 
] 340-1 342 
af cyclobutadiene. 7247.729 
of dihydrogen, 32-36, 15/ 
of enolate ions, 1048-1049 
of ethylene. 125-117 
m (7), 125, 125-127 
in acetylene, 649 
SOMO, 1341 
Molina. Mario, 367 
vIolozonide. (96-197 
Momocyelic compounds, 268 
Monomer, 214 
Monosaccharides, LEG? 
eyele structures, 1178-1132 
equilibrium among different forms, 
1185: 
reaction with асоро, 1 188-1189 


slereochemistrs. and configuration, 
1173-1182 
sprüetures, 1173 1182 

Monoterpenes. BES 

Montreal Protocol, 366 

Morphine. 1118. 11567 

WIPTE. accidental synthesis, 820p 

MRI See Maeneliv resonance imaging 

М-М. See Muss spectrometry. tandem 

NMITBE. See Methyl terr-buirsl ether 

Müller, Paul. 367 

Multistep reaction. 162 

Multistep synthesis, 474 

Muscalure, preparabion, 672p 

wIuscle contraction, 1248 

Musulin, Baris, #22 

Mutarotalion, of carbohydrates, 
1183-1185 

Mylar. 1035 

NI vristic acid. 950 


ni role, in NMR spectroscopy. 
806—398, 606-40)? 
breakdown. 607-610 
dat Jule, See Наке 4e + 2 rule 
NAD 
coenzyme in biological oxidation ar 
ethanol. 464+ 464, 469—417 | 
structure. 4627 
NADH. 463 
Nanometer, 684 
Naphthalene, aromaticily, 727 
| .4-Naphthoquinane, 863 
Natural рах, 78 
NEMO, 703, 1340 
NBS, See N-Bromosuccimmide 
Neighboring-group participation. 
310-313 
stereochemical consequences, 516-515 
Neomenthyl chloride. 337p 
Neopentane, shape comparison мБ 
pentane. 72 
Neopentyl group, 60r 
Neopenty] halides, in 8,2 reactions 
Neurotransmilters. [156-1157 
Newman projection, 84, 257 
МНС. ligand in alkene metathesis, 
853 #54 
NHS. in solid-phase peptide synthesis. 
] 286- 1287 
NHS esters 
Fimo. 1284 
of AQC, in amino acid analysis, 1292 


af peptides. 1388 
Мит. 463 
Nickel os hsadresenatien кн Шу si. 1 6s 
мална. E86 
drug poteney and solubility, 350-35[ 
ъа re nicetinic acid. 1232 
Nteatine adenine dinucleotide. Sce 
МАГ" 
Мале pateh. 350-3351 
Nicotinic acid. preparation amd source, 
ІДАЛ 
Ninhsdrm, 913p 
п amine acl analysis, ] 294 
МЕТИ 
af aniline. 1138 
ad phenn, КОЧ 
of pyridine derivatives. 1232-1234 
of pyridine-N-oxide, 1233 
of pyrrole, 12278p 
of thiophene and dern atises, 1 227. 
] 229 
Arie аси] 
fuming, 775 
oxidation ot усех. 1195. 12060-1201 
ovulation af nigeting, 1232 
oxndabion of sultides. 319 
mirati of pyridine derivates, 1 232 
niuration ot pyrrole and thiophene, 
] 227 
reaction with benzene. 754-755 
Nitriles, 9877 
UC NMR spectroscopy, 1000 
в-а тат, intermediate in the Strecker 
synthesis, 1280 
hasicity, ТОЙ? 
hand length of triple bond, УЧ? 
IR spectroscopy. 996-998 
ММК speectroscops. 097 
nomen lature, 9x9 
physical properties, 995 
preparatim 
conjugate addition ef HON to o. B- 


unsaturated carbonyI compounds, 


La 
from aldoses, 1 198 
reactions of alkyl Вајс ith 
evunide jon. 10032 |0134 
Sümimever reaction, 114] 
reactions 
catals tic hydrogenation, 1026 


Пу reduction to primary amines, 


025- [627 
hydrolysis. 1009 JOID 
relative reai ity. LOLS 


Nitro compounds 
aci form. [055p 
acidity. 1108р 
vatalyvtic hydrogenation. 1234 
im borohydride reductions, 916 
preparation by nitration ef aromatic 
rings. 734-755, | 227-7] 229 
reactivity toward hydride reducing 
agents, 1147 
reduction to amies, | 146-1147 
Миг group, 740 
deactivating and directing etfect in 
eleetrophilie aromatic 
substitution, 7637 766-7687. 772 
substituent etiect in nucleophilic 
aromate substitution, 828-83) 
substituent effect an phenol acidities, 
459—860 
J-Nitroaniline. preparation. |] 395p 
Nirobenzene, 740) 
hromination. 762 
preparation, #54 
J-Nitrobenzolv асці, acidity, ЈАМУ 
Nilromethane. solvent properties, 34 |: 
Мигела jon, 755 
3- Nitrophenoel. acidity, 839 
J-Nitrophenol 
aculity, 559 
preparatton, 869 
ИМ spectrum in асы and base, 879F 
2-Nitropropane. acidity, | ORY 
2-Nitropyrrole, miner produet in ps moie 
niration, 1227sp 
3-Nitropyrrole, from niration of ps rode, 
RAFET 
Nirosamines. 1144 
Nibrosation, of ammes. 1144 
Nitrosvl cation, elecirophile in 
nirosation reactions, 1144—114А 
e- and p-INitrototuenc. rate in nitration 
of toluene, 768 
p-Niurotoluene, nitration, 775 
Nitrous avid. reactions 
diazotzation of amines. | [140 
with асу hydrazides, 1152 
with secondary amines, [144 
with tertiary an danuzes. 11-44 
NMMO, Sce N-Muetliytinorpiieline- Y- 
oxide 
NMR spectrometer, 582, 632 -634 
NMR spectrascapy, 378—643, See aian 
individual functional wroups. б... 
Ketones. NM spectroscopy 
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CC NMR spectroscopy, 622 628 
vhemieal-stutt table, O24 A-7 
DEPT and attached protons, 626 628 
proion-decoupled. 624 

chemical shift; 583 589 

comples spectra. 603-610 

Fourier-transtorm NMR, 634 

fundamental equation, 581 

m structure determination, 593 5904, 

ө01-602, 629-632 

imeeral, 592. 593 

introduction, 378 -38 ] 

NAIR spectrometer, 632-634 

ot dynamic systems, 619-621 

aller uses, BIAHA 

phs sical basis; 58]. 583 

splitting. 396—603 

ишү of chemical shifts 
protons adiacent to functional 

wraps, A-7 -AR 
protons within functional groups. 
A-6 
use of deuterium, 61] 617 
use with other spectroscopic 
techniques; 629-632 
Node, 26, | 337 
Nomenclature, 38-64, 326-328. See 
dive арос compounds, c.g.. 
ketones, Nomenclature 
IUPAC 1993 recommendations, ] 34, 
329, А-2 
at stercoisomers Cahn Ingold -Prelog 
Syston) 
hZ умт. | 34-7] 58 
AA system. 231—234 

principal eroup. 326 

summary. A- | 

substitutive, 59 

Nominal mass. 369 

Nonactin, 354 

Sonane, IR spectrum, 5407 

Nonbondine molecular orbital, See 
NBMO 

Малото, solvent classification. 346 

Noenpaolar tad. in phospholipids. 348 

Nonreducing sugar. 1207 

Noreminephrine. 1157 

Normal vibrational modes, 348. 549, 
549} 

Nornir HIV-proiease inhibitor. [32] 

Nuclear magnetie resonance 
spectroscopy, dee ММК 
speclroscapy 

Nuclear magnete resonance, 582 
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Nucleophile. 98, ӘХ [0] 
йс. 431p 
m nucleophilie substitutions, 378 
Nucleic acids. 1248 
Мілер carhons | additton 907. Scc 
влее Хатой reactions, et 
vurbensy! groups 
Nuvcleophilie displacement. See 
Nucleophilig substitution 
Suvleophilig substitubieon, 378. Sce nbw 
specie is pes; oga SS LZ асп 
compeb tion wath S-elimination, 38. 
421-4124 
суши. 381-382 
intrameleculu. 375 
nucleephilic aes] substitution. 1006 
«ereachemistry, FOUG 1007 
relative reactivits, ТО] ИНА 
nucieophihe aromatig substitution, 
28-8301, 829 
in preparation] of nitrephenols, Мб) 
[ea group ейел en rate; 829 
reactions of pyridine and derivatises, 
[234 ]338 
Мири. role in 842 reaction, 
AQ n 
А оа еч а, ГОЧА 248. Nee елле 
Киели Ах М 
Deo ribonuelecsides 
Nucleotide, E346, Sec abo 
Кит н, 


Pensa ribonucleotides 


Ma don. 1034 


Q 


e. See Сти 
QUAY abbresiabion for acetos group, 
179 
Ovtame number, А0 
i -Octanol. use in screening por drug 
selubilis. 330 
| -Octene. IR spectrum. 554/ 
Сил. expansion, 473 
Otel rule 
and resonance Strobes. | | 
tor vovalent bonding. ú 
for mame houdini, 3 
n Laws acid -hase issecition 
Tes. А 
| OUtvne; IR spectrum, 8507 
Chkl-eleciron iom. qm mass speetroinetrs, 
A63 
Olah. George A.. 153 
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Olctin metathesis. See Alkenes. 
Dec Drs 
Olatins. See АПУ 
Оен иси. 885] 
Ойка, 755 
Oligopeptaule, 1267 
Olteosaccharide. 1167 
Operating Гефест, 879 
amit NNI chenieal-s hift seules. 
АҢА ASI 
Opin. 680 
Optical activity, 234. 139 
and history of sIereochemistis, 
259 20) 
eltect ef concentration, 23/7 
М enantiomers., 238-239 
Optical densis; 685, See alse 
Absorbance 
Optical техни. Sec Enaniomerie 
resolution 
Optical rotation. 236 
генэ» to absolute eontiguratren, 
238. 1175 
Optically active, 236 
Orbital interaction diagram. 33 
Orbital 
иы, 23, 24 32 
Ad. 44р 
Ip. 28 
in alkenes. [24 127 
lp. 39 
ly. 26 
l4 1b 
hybrid, АВ, 37—401 
dp. SAY 
yr 647 648 
im allenes ard eamulenes. 682 
ur. EM-125 
JE 
in ammonia. HH | 
in methane. 7740) 
in ethane and alkanes. 47 
hybridization, 38 
anl stability of conjugated dines, 
GN 
ел on Pond strength. 146 
effect en hydrocarbon acidity. 
661—065 
nivel Bor transi metal 
complexes, МАВ RAY 
relative energy р ШЕТКЕ 
Dy brian. 824 
molecular. See Molecular orbitals 
Organic chemistry, d 


Organe reactions. See I eaetions 
Organi soli gtts. See Solvents 
Сета synthesis, 474. Sec afe реси 
самтро. eis. A kenes. 
preparation 
емип. 474 4 jf 
SUMAT et meris. А-х А-А 
(hree Fundamental operations. 520-752? 
Wh aldol condensapon, 170. 1071 
м venjusate-addition reactions. 
Pitas ТИЦ 
With олер анта 
иһмиш юп. 7772. 776 
Oreanoborames 
Irem Dsareberauen of alkenes, 
]un p? 
мапой 
«ereochemnistin. 312 
mechanism. S67 7.4 
Oraunobthivin reagents, 361. 3064 
апаю, 362 
reetis 
Formation of Dubium amides trem 
amines, L129 
protenelssis, 562. 363 
WEN aldehydes and ketones, 919 
with 2-alks pyridines. 1239 
wh Curbs Tie achis. 982 UsAp 
v ith epoxides, AUT 
with pyridine, 2335 
wh n f-unsatrated carbon | 
voampoumls, [IO 
Oreanemetallie compounds. Md. See 
uber specie (s pes. ess. ЧТ 
reagents: fransimnon metals: 
Transtiion-metal complexes 
цанпанену. 727—728 
Organotin reagents, 873-874 
Orthe. nomenclature pretix. 741 
ortho. para ratio, in electrophilie 
aromalie substitution, 767-768 
Ortho. para-directing group, 762, 
764-756 
Ortbliogsters, Аг. 20,3 
хилм. FI) Sy 
Osmate ester, MH 
Rami VITE tetrad (OS 4, 
hxdross haon of afkenes, 
S04 505 
{атпал 1365 
Overlapping peptides, in peptide 
мушеси. LHI 
QOvertone bands. in IR spectroscopy. 744 


ҳайс аса], S57 
aT. YAR 
Oxaphosphietane. intermediate in Wittig 
sy nthesis, 034 
Oxazele, 2216 
Oxidation, 482. See ahe specitic 
compounds classes. we.. Thick, 
мн Поп 
ау and Келу, 803-807 
Dalinding reselions, 452—157 
mechanism. 460, 804 
Oxidation level. 453 
Oxidation number, 453 
Oxilatiom state 
comparison GPE кт groups, 4571 
ob iransitien metaüls in vemplexes; 535 
Охе addition, 840—354 | 
Oxiiving agent 436 
OxImes. lormation from aldehydes and 
ketones. 928r 
Giirane. See Ethylene oside 
Сузе. Sec хем 
Qvo process, 837 
Oxclane, See T4-Diosane 
Oxonium salts. S08 S09 
(хоми ions. 308 
Oxygen (molecular), in ашти 
boutons, 874 
Ox ypenates, as gasoline additives; NO 
Oxvymercuraton. see ais 
Akoy mereuration 
of alkenes. 187, 179. [87-188 
ab alka nes, See АКА nes, reactions, 
hydration 
axy merguralion reduction 
ot alkenes, 189, [89- 190, 194 [93 
comparison with 
hyureboration. oxidation, 
194 [93 
sereachemisirs, АТА 314 
Ozone, 196 
»ourees, 197 
Ozone laser, destruction by [reons. 
AH 307 
(десне. 196—197 
Олим. 196- [99 


P 
p. Nee Para 
Palladium, catalyst 
foray] habite ао еда тин шап, 
0147 d 150 
for hvdrowvemition, Pak, 650 
tor the Heck reaction, 845 мам 


forthe Stille reaction; 872. 874 
for the Suzuki coupling, 838-851 
"alladiumi IE) acetate, as pre-eatalysl. 
H6. Sod. 1148 
Palmitie acid, 950; 
Pantry moth. trapping with pheromones. 
bos bh) 
Paper. sizing. 1214р 
Paper electrophoresis, 326p 
Paquet. Leo, 292 
Para. nomenclature pretis. 74] 
Paravelsus. | 
Рага». See Alkanes 
Puraformaldehyde, 924 
"uralddehs de. 924 
Parkinson's disease, 1313 
Partition coefficient, F-octane] water, 
Ам) 
Parts per million scale (6). in NMR 
spectroscopy, 586 
Pasteur, Louis. 200- 261 
Pauli exelusien principle. АЮ 
Pauling. Linus. 130% 
PCO. See Pyridinium chlonchromate 
Pedersen. Charles J.. 353 
Peerdeman, ^. Р. | 204 
Рет шит, and Wilson s disease. 357 
Penieillin-CG. 98] p 
2.4-Репта Пот Г-у system. molecular 
гыи. E3427 
Pentane, shape comparison with 
пере. 727 
24- Pentanedione 
“полом. 16254 
UM spectium, 1055p 
Pentapepiide, 1267 
Pentose. 1167 
Pentothal, LITU} 
Pentuiosc. ] 167 
Peptidases, 1295 
Peptide backbone. 1267 
Peptides, E265 
amino acid sequence; 1297 
crosslinking of chains, 1 298-1 299 
disuliide bonds, $297 
Iragmentalion modes in mass 
spectrometry, | 300 EO] 
hoeke point, 1276 
nomenclature, 13687, 1270 
primary strueture. 1297 
ТАЛЕ 
enzs me-cataly zed hydrolysis. 
295 | 296 


formation of SHS esters. 1 287 -| 288 
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hydrolysis Dor ecamino acids, 1292 
with phenyl isotbiecs anate, 1303 
sequencing, 1299 
hy mus spectrometry, 1299- | AO 
hy the Edman degradation, 
АПА 1305 
solid-phase synthesis. [283-1202 
A^wWillerionie strücture, 1273 
Peracid. See Peroxyeuarboxylie acid 
Percent + character. +3) 
Percent Iranstmitanee. See 
Transimitanee 
Percentage ме]. 186 
Perehlorie acid. approximate pA... E03: 
Perieyelie reactions, 691, 1333-1 374 
photochemical. 1343 
thermal. 1343 
Periodate cleavage. See Periodic acid 
Periodate ester, $07 
Periodie acid. reactions 
carbohydrate oxidation, 1196 1197 
With gheas, SOG O7 
wilh КМА. 1263p 
Penplanane- В. S [5p 
Peroxide effect, 200 
in HBr Мишәр t alkenes. 200. 20], 
207-310 
hond energy arguments 212. 213 
Peroxides, às contaminants ni ethers. 
AT] 
Peross acids, See Peroxvearboxslie acids 
Peroxs carbess lie acids 
oxidation of sulfides; 519 
reaction with alkenes. 438 90 
PET. See Positron хроп 
Tomouraphy 
Petroleum, 78 
and nmi lon industry. 1034 
as емек for ihe chemical industry. 
ы 
distillation fractions, 797 
m ammonia manmufzetnuire. 1135 
Phadnis. Shashikant, E209 
Phase. of molecular orbitals, 1338 
Phase transter саум. 1130-1131 
n-Phellamlrene, 739. [371p 
Phenanthlrene. 867p 
Phenol 
acklity, 858 
rale in phenol bremination. 868 
hreninatien, 774 
commercial applications, 8735 
industrial preparation, 874. 875 
IR spectrum, #45 
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Phenolate ons, 8538. 861 
Phenoi-formaldehs«de resins. 938 
Phenols, 823 
acidity, 858—860 
as enals, 1054 
as free-radical reaction inhibitors, 
464-805 
in Fischer esterification, 966 
in S.I and 5,2 reactions, 870—871 
NAIR spectra, 748 
preparation 
hy nucleophilic aromatic substitution. 
BOY 
Claisen rearrangement of aryl allyl 
ethers. 1362 
Sandmeyer reaction. | 14] 
reacliens 
bromination, 867 -868 
complex farmation with AICI, 869 
Friedel-Crafts acylation, 869-8710 
oxidation to quinones, 862-867 
slille reaction of ary] ihates, 
872—873 
triflate larmation. 872 
with acid chlorides. 1018 
with anhydrides. 1019 
with isocyanates, 1151 
use of acidity in separations, 861 
Phenane, nomenclature suffix. 8960 
Phenuxide поп, 858 
Phenyl catian, 827-828 
Phenyl group, 82, 324. 742 
activating and directing effect in 
electrophilic aromatic 
substitution, 763: 
polar effect. [20-12 1p, 798, 859 
Phenyl isothiocvanate, in peptide 
sequencing, 1303—] 305 
N-Phem lacetamide. See Acetanitide 
Phenvlacetic avid. acidity, 958; 
Phenylalanine, structure and properties, 
| 268! 
[4|Phenylene, 739p 
1-Phenvlethanal. oxidation, 806 
Phenylhydrazine, reaction with 
aldehydes and ketones, 928r 
Phenylhydrazones, formation from 
aldehydes and ketones, 9287 
2-Phenyl pyridine. preparation, 1239 
PhensIthivhydantein, 1304 
Pheromones, 668-669 
Phosgene. 977, 99] 
Phasphatases, 1300 
Phosphathlvilcholine, 348 
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Phosphatidslethanolamine, 347 
Phosphatidylserine, 348 
Phospholipid bilayer, 348 
Phospholipids, 346, 1036 
Phosphoniuni salts 
as phase-transter catalysts. 1130-1131 
in the Wittig alkene synthesis. 934 
Phosphorus, catalyst in HVZ reaction, 
L060. 1062 
Phosphorus oxychloride, in cyclic 
anhydride formation, 973 
Phosphorus pentachloride 
in preparation of 2-chloropyridine. 
1247 
in preparation of acid chlorides, 971 
Phosphorus pentoxide. in anhydride 
preparation, 973 
Phosphorus tribromide, m HYZ reaction, 
| O6-- 1062 
Phosphorus trichloride, in reduction af 
pyridine—V-oxide derivatives, 1234 
Phosphorylation. of proteins, 1506-1 307 
Phosphoserine. in proteins, 1 306-1307 
Photochemical perieyelie reaction, 1343 
Photon. 537 
Phihalumie acid, hydrolysis, 1046, 
Phihalie acid. 949 
Phthalic anhydride. 988 
preparation, 973 
Phihalimide, 9U0 
acidity, 1145 
protecting group in Gabriel synthesis. 
1145-1146 
Pita bond. See Bond. pi 
Pivolines, a-. B-. and Y- 1231 
acidity of e-picoline, 1239 
Pivric acid. 860 
Pinelic acid, 950r 
пасе, 905 
пасо! rearrangement, 9054p 
Pinacelone, 90S 
c-Pinene, S10 
biosynthesis. 813p 
Piperidine. 1118 
hase in removal of Ето: group, 1283 
Pivalamide, IR spectrum, 999 
Pivalie acid. 950r 
acidity, 958r 
PŘ a of Brensted acids. 102 
relationship to standard free energy of 
dissuwetation, E12. 113p 
Planck's constant. 537, 581 
Plane of symmetry, 229 
and chirality. 229—230 


in meso compounds. 248 
Plane-polarized light. See Polarized Hem 
Planteose, 1 21 8p 
Cis-Plann, 832 
orbital hybridization, 819 
Planum ti, ах hydrogenation оаа ы. 
[68 

Pleated sheet. in protein secondary 
structure. 1309 

Plunkett. Roy J.. 215 

Poison 1y. chemical basis; 866-8567 

Poisons, of catalysts, 167 

Polar. sels ent classification, 339 

Polar bond, 9 

Polar еш, 114 

in stabilization of enolate ions, 

1048—1049 

afa double bond, 141 

of halogens in nucieophilie aromatic 

substitution, ХАО 

ot substituents in electrophilic 

aromatic substitution, 769 77? 

on alcohol agility, 358 

on amine basicity. 1125-1126 

on Bronsted acidity. 111—115 

on carbonyl addition, 817 

on varbos lic acd acidity, 111 115. 

037—058 
on phenol acidity. 839 
on rales of nucleophilic acyl 
substitution., [014 
Polar head group 

Im surfactants, 96] 

п phasphatipids. 348 
Polar molecules. J 
Polarimcter. 236 
Polarization. of alky! groups 

imn ооло! acidity. 359 

in amine basici, 1124 
Polarized light. 235 

and optical acivity, 235. 239 

and stereochemistry, history, 289-260 
Poltyhuladiene. 708 
Polvehlorotriluereethylene Еке. 

21б 
Polsevelie compounds, 292 
Polyesters. 1035 
Polyethylene. 214 
low-density. 214-215 
high-density. 215 
preparation, 857 
Polvietbylene terephihalate? tpolvesteri 
1035 
UG EPolyisoprene (Natural rubber). 709 


Polymer, 214 
addition polymer. 214 
condensation polymer, 1034 
Polymerization, iree-radical. 214, 
214-2116 
of conjugated dienes, 708 
Polysaccharides, 1167, 1209-1212 
Polystyrene. 216 
Polbytetrluaroethylenc. Sec Tefion 
Polys шу chloride {РМ 216r 
Porphyrins, 1255 
Positron Emission Tomovraphy (i PET i, 
preparation of FD. 396. 397 
Postutranslational modification, of 
proteins. 1304 1307 
Potassium bromide. use in IR 
spectroscopy, 555 
Potassium chloride, structure, А/ 
Potassium dietiromate, See afvo Sodium 
dichromate 
хапе of alcohols, +39 
Potissium ferricyanide, oxidation of 
dihydropyridines, 1239 
Potassium iodide, reaction with 
deona salts, E141 
Potassium permanganate, oxidizing 
ирети 
carboxylie acids from alkytbenzenes. 
ROS KUG 
carboxylic acids from primary 
alcohols, 461 
elycel formation from alkenes, 506 
sul fones fram sulfides, 519 
Potassium trit tsopropoxy iborohyaride, 
EFE 
Poti. Percival. 779 
Poulter, C. Dale, S08, $12 
Pr. ahbreviation for props 1 group. 10734 
Рг. abbreviation for isopropyl group. 
107% 
Prelos, Vladimir. 135 
Prenyl transferase. 811 
Primary, classitivation 
of alcohols; 323 
at alkat halides, 323 
af amides, ЧОП 
of amines. £116 
ul carbocations, i51 
of carbon substitution. 66 
of hydrogens, 67 
ot free radicals, 208 
Primary structure. «f peptides and 
proteins. 1297 


Principal chain, nomenclature. 89, 121. 
А27 
Principal group. in nomenclature, 326 
Priorities, of итар. in 
Cahn-Ingokd-Prelog system, 
135-136 
Prismane, 715 
and pericyelic selection rules. 134% 
Proaductalctermining меп, 44 
Progesterone, 296—297 
Proline. structure and properties. 12687 
| .?-Propadiene. See Allene 
Propagation, Мер in free-radical 
reactions, 204 
Propanal. See Propionaldehyde 
Propane 
EPM. 334 
structure, 123] 
] 2,3-Propanetrial. See Glycerol 
Propanoic acid 
[R spectrum, 956/ 
МААК spectrum, 956 
Proparg vl group. 644 
Proparpgvyt chloride, 644 
Propclianes. 2212р 
Propene 
acidity ol allylic hydrogens. 799 


tn the industrial preparation of cumenc, 


TW 
ишга] source and uses, 217 
structure, 1357; 990r 
Propionaldehiyde 
heat of Formation, 912, 1096 
preparation by oxo process, 83/7 
Propionic acid. 950r. See also Propanoic 
ac Id 
Propionic anhydride. JR spectrum, УУ 
Propionyl group. 49] 
Propiophenone, C NMR spectrum. 
R99 
Propyl group, 60 
Propyl radical, heat of formation, 2097 
Propylene. See Propene 
Pro-R. 470 
Pra- S. 470 
Proteases, 1295 
Protecting sroups, Y25 926 
im nitration ef amlines. 11 39sp 
in peptide synthesis, [1284 
Protective eroups, See Protecting groups 
Protein trafficking. 1306 
Proteins, 1266 
alkylation with iodoacetic acid, 1327p 
mimo acid sequence, 1297 
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denaturation and renaturanon, 1313 
disulfide bands, 1297 
folding, 1313 
phosphorylation. 1306-1307 
posittransIational mod heaton, 
1404-1307 
primary structure, 1297 
quaternary structure, 1314 
secondary structure, 1 308-1316 
sequencing. 1205 
lertiary structure. 1510 
Prowolytic enzymes, 1295 
Protiv, solvent classification. 339 
Proton NMR, 878 
Protunalysis. 364 
Proximity effect. 813—516 
in enzyme calalysns. 1316 
Pseudoephedrine, 264 p 
PTH derivative, 1304 
Pulesone. 111 3p 
Purcell, Edward wI., 583 
Purdue University. best in Big, 10 
Purine, 122 ip 
bases in RNA and DNA, 1246 
PVC, 2167 
Pyramidal зеттеу. 262 
Pyran, ] E78 
Pyranoses, 1178 
conformations, |} TSO) Plas 
muüutarotation, 1183. 11385 
Pyranoside. ПІКУ. See avo Glvcosudes 
periodate oxidation. 1196 
Pyridine, 1221] 
application ef Hückel 40 + I rule. 
1222 [223 
агопыишену, 725, 1222 [223 
bise 
in acvlations by acid chlorides. 
1üle6- 1015 
in sultonylations by хш олу 
chlorides. 444 
basicity. 1224 
carbonyl analogy for reactions, 
] 235-1237 
elecirephilie aromatic substitution 
reaclons, 123]. i234 
empirical resonance eneres, 12236 
poison for hydrogenation catalysts, 
659 
proton NMR absorption, 1 224p 
reactions 
Chichibabin reaction. 1234 
conversion into pyridine-N-oxide, 
1233 
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Pyridine ferent) 
wih methyt iodide. 12358 
resonance structures, 1222 
UW spectrum, ettect of pretonatien, 
] 226p 
АР гъа hie acid. See Мс 
ue id 
2- Ps ridinediazennim ion. 1336 
Pyridine- -ox idhe 
preparation, 1233 
Fedetiens 
calal tie hydrogenation, 1234 
nitration, 1233 
оян with phosphorus 
trichloride. | 234 
phens Hihium, 1239 


Pyridinium chferochromate. oxidation ot 


alcohols. 439 
Pyridinium salts. -alk i. 1338 -1239 
J-Pirnlone 
conversion into Z-hloropyridine. 1237 
euuilibrium with 2-hsdroxs s piling. 
| 236-] 237 
preparation, 1236 
Pyridoxal. 12417. See also Pyridoxal 
phosphate 
Ps ridoxal phosphate. [240-1245 
genit and basicity. 1243—1244 
as coenzyme in eexmino acd 
decurhoxyliuian, 1243 
rele 1 charge delocalizatien in 
enzs me-etulvzed reactiens; 1243 
Pyruiosamine, 124] 
Pyridoxine. [241 
хут. E2637 
Pyridoxal, 12417 
Pyrimidine. 12216 
bases in RAGA and DNA, 12-4 
y-Ps rone. basics. 1 LOR 
Pyrophosphorte acid. and esters. 811 
Pyrrede, 12214 
ск. 736p, 1226 
application of Hüekel +u + 2 rule. 
[222-1223 
агамаи, 725, 1221-1223 
basicity, 1234-1225 
dipole moment, ] 224p 
empirtcal resonance eneres, 12237 
proton NMR absorption. 1224р 
Teens 
пикна, 122% yy 
with Grignard reagents, 1226 
relative reactivity in сагоре 
aromatic substitution, 1228 
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Pyrpodlidine. Pl ta 
dipole moment, 1224 
proton NMR absorpuon, 1224р 
Pyrivie avid. veenzyme in histidine 
decarbuxsylatien, 12610p 


Q 


Quantum numbers, 25 
angular momentum idi, 24 
magneue ry. 24 
orbital. summary, 258 
princip vij. 24 
Spin (n, I, х0 | | 
Quartz, mole im history al 
stereochemistry, 259 
Чшцетгпагу. substation at carbon, 66 
Quirernary ammonium hydroxides, 
Hofmann elimination, 1136-1 [37 
Quiternary ammonium salts. 1129—1134] 
gandera Шакил salts. TIHI 
Quaternary structure. of proteins, 1314 
Quiteenizülbien, of amines, 1132 
Quinine, 1156; 
Cuinoline. [22 
POTUM CHA, TT 
busi. 1224 
in reactions od acid chlorides, 
JOIe6- 1018 
polso for hyalregenatin catal sts. 
GAY 
CGQuinoline ders clive 
Combes ха ех, 264p 
Friedlander svnthesis, 126475 
Quinones, 863 
preparation, fron phenols. 862-863 
classification tortie and para. 863 
vconiuguate-addition reactions. 866, 
1094 
role in poison у. 866—367 
LQuinucligone. basteity, OD2- 003 


К. See Мото, nomenelduture 
R groups. 82 
eren, 202 
AA system Nee afer Муртер, 
опе шиге, AS system 
and the p system. 1173 
Kacemates, 239 740} 
Racemie mixture, 2390 
Касети. 239 
al aldehydes and ketones atte eee 
carbon, 1052, [6056 


Radical. See also Free radicals 
origin ot. R notauon, 202 
Radical anion. 661 
Radical cation. 888 
Radiofrequency. in NMR spectroscopy. 
АМА 
Rallinose. 12145 
Random coil, in protein seconidars 
structure. 1310 
Raney nickel. catalyst for aldose 
hydrogenation, 1197 
Rate constant, 383 38J 
relationship to Мили free engte al 
HUT ation, AX4 АХА 
Rate law, 383—384 
Rate determining step, 063, See ub 
Rate-limiting step 
Kale-Imiting step. 163, 163 164 
ip a-halesenatien of aldehydes and 
ketones. Pad 
in S.1-Bl reaction. 414 416 
Rates, et reactions, 87. Таб, 158 
definition, 382—383 
Hammond postulate, 164-166 
помер reactions; 1682. 164 
rate law, ARA- 384 
relative rates, 284 
Reaction rates. See Rates, of reactions 
Reaction courdinate, 158 
Reaelton free-eneres diagram. 158 
Reaction mechanism. 149 
Reaction probability. 512 513 
Rea Lanes 
com entgens for writing, 186 
vxUereochemistms, 505-314, Sec obse 
specie reactions, cu. Alkenes, 
hyvdroboration 
Reage mterniediates, 149 
Rearrangement, 185. See cfse specific 
examples. ega Holmann 
rearrangement 
alis lie; ВОО 
of Grignard regents, SU 
| S7. Nee ама 
Carbocations. rearrangement 


at санау. 154 


oroumene Indroperoxide, 875 
ot vin! ААМ, SOAs 
Reducing agent, 436 
Reducing sugar. [307 
Reduction. 482, 452—337, Sec tise 
ресе compounds hisses, t.s., 
Ketones, reduction 
Reductive amination. 1133 |135 
Reductive eliminainon, 841 


Reference carbon, in the DA systeni, 
[175 
mn nomenclature of e-amino ihis. 
[ET] 
Reforming. of petroleum fractions. 79 
Reaoselective reaction, 148 
Relatise abundance. ab ions qm à mass 
spectrin. 539 
Relative rate; 384 
Remsen. ira. 1 209 
Renaturation, ef proteins, 13E3 
Residue 
in DNA and RNA. 1248 
in peptides, 1267 
Resin, 938 
i sefid-phase ретине synthesis. 
[ISK [3589 
Resolving agent, 249 
Resonance, 700-716, See ufi 
Resonance structures 
and molecular orbitals, 702-704 
and melectilar ману, 24. 702-704, 
714 
clhect 
in elvetrophilie aromatic substitution 
directing секту. 764 767 
in писер агопщц и substitution, 
S^ 
of substituents in electrephutie 
онша substituron, 764—767, 
769 777 
on acid. hase equilibria, ХАЯ МАЙ 
on amine basicity. E126 
on curboayte acid acidity. 957 
on A, for сагюпу addition, 817 
on phenol асте, 858-86 
en rates of nueleophilie acs | 
substitution, 1012. 1015 
on rules al sulvolssins reacttens, 
Тор 702 
en stabilizauon of enolate tons, 
ids 1049 
on stabilization of спо. E055 
hybrid. 20 
Resonance energy. 704 
empirical. 721 
ot henzene, 777 
of benz] callon. 789 
of Reteroes clie compounds, 1223 
Resonance structures, 20-22 
and electron delocalization, 710 711 
and molecular geometry, 7| 2-713 
and orbital avertap, 71 27713 


deris tton with curved- netubon, 
uJ-un 
drawing, 94-96, 7|0 744 
relative importunee, 711. 713 
use. #14 FIG 
Hammonds postulate; 715 
Resonances, in NMR spectroscopy, 879 
Resercinol, 74], 823 
Renien otf cont guration. in 
stereochemtstry of substitution 
reactions, 307, 516—515 
Вета nthetie analysis, 474 
| -Rhamnose, 1217 
Rhodium ht. eatals st tor degradation of 
аке, 1216р 
Rhodopsin, 689 
Ribbon structure. ol proteins, 1311 
Кі Пахта, 1 256£ 
Ribenmiclease 
denaturation and renaturon, 1313 
seolu-pliase synthesis. 1283 
Ribenuvleic acid. See КМА 
Ribonucleosides, 1245 
nomenclature. 12477 
Kibonucleotules, 1246 
nomenclature, 1247: 
p-Ribesc. in ztbonuelecssides, 1245 
p4 -1 Ribes, 1174: 
Rickets. 1365 
Rilling. Hans C.. 512 
Ring current, 745 
Ripening hormone. 217 
Ritonavir, See Noryir 
RNA. 1248 
busc-premoted cleavage, 1203р 
messenger, 12532 
reaction with periodic awid, 263p 
Robinson annulation, 1098 
Robinson. Sir Robert, 1099 
Кохати М. ALL 1175 
Rosenmund reduction. 1027 
Rotation. internal, 52 
in butane. 3. 87 
in ethane, 53 
in Fischer projections, 1171 
Rowland. F. Sherwood. 367 
Rubber. natural i poly 4 Zi-isoeprenc i. 
11р, FOO. RIO 
Ruth degradation. 1204 
Ruhemann s purple, 1294 
Runheniumt [S n catalyst in alkene 
metathesis. 852 856 
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5. Sce SIereorsomers, nomenclature 
AN See Entropi. sundard 
Saccharin, Sec Sodium хаста 
айти. 717, 814p 
ап. LI90£ 
Sabes lie acid. 951 
SAM. Sce 5- AdenossylImethienine 
Sandmever reaction, 1141 
a Z-uuninops rine. 1236 
Saponitivation. 100S 
origin, 36 
Sawhorse projections, 288 
SBR. See Stvrene-butadiene rubber 
Schill hase. 927 
Sehlatier. Jim. 1 209 
Schatten: Baumann. method for amide 
Formation, 10147 
Schrock. Richard K.. 836 
eis. conformation of 13-butadiene, 
hall OSE 
H-Sctss0on, t mass spectrametn. 566 
Secondary. classification 
of alcohols, 323 
of alkyl halides. 323 
of amides. УЧ? 
о] annes, 1116 
ob carbocalions. 151 
ob carbon substitution. 66 
of Free radicals, 208 
of hydrogens, 67 
Secondary structure. of preteims. 
1308. 1310 
Second onler reaction, 383 
Selectian rules 
for eyeleadditien reactions, 13527 
fur electrocvelie reactions, 134 7t 
far thermal siematropie геал, 
[362-1 35631 
Чеси е erystallizatin, 251 
Self metathesis. im alkene писе, 
NSA 
Semicarbazide, reaetion with aldehydes 
and Ketones. 9287 
Semicarhazones, гиц әп from 
aldehydes und ketones. 0287 
Semigeinone. 864 
Sequencing, of peptides, 1299-1 3505. 
See also Peptides, sequent 
Sering 
in structures ef membrane 
phospholipids, 344 
loss od formaldehyde. 1242 
phospher dation sm proteins, ТАН 
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Serine peeing) 
structure and properties, 1268: 
Sesquiterpenes, 808 
Sharpless epoxidation, See Asymmelric 
epoxidation 
Sharpless. K. Barry, 524 
Shielding, in КМК spectroscopy. 583 
mechanism for alkynes. 65! 
Sigma (o bond, 36 
sigmatropic reaction. 1334 
carbon migration, 1358-1 360 
classification, 1353-1354 
hydrogen shifts. 1 356-1358 
stereochemistry, 1354-3] 2335 
thermal. 1353. 1363 
[3.3]. іе | 362 
selection rules, 1362-1363; 
Silk, 1310 
Silver D hydroxide. See Silver Dr oxide 
aldehyde oxidation, 937. 1230 
catechol oxidation. 863 
formation of quaternary ammonium 
hydroxides, 1135 
Simmons. Howard E.. 426 
Sinunons-Smih reaction, 426—128 
Sings occupied molecular orbital, See 
SOMO 
Sizing. of paper, 1218p 
Skeletal structures, 67, 67—70 
Skew, conformation of !.3-butadiene, 
ба0-541 
Smith, Ronald D.. 426 
S. 1 reactions, 412—420. 413, See aian 
Carbowations 
etfect of o-carbonsl group on rate, 
1062-1063 
ol allylic and benzslie halides, 
Ta 79? 
rate law and mechanism, 412—114 
телера иу and produet distribution. 
416-417 
slereochemuistry, 418—420 
S2 reactions, 386—399, See ulse 
Backside substitution 
allylic and benzylic, 802-803 
competition with free-radical 
addition, 795-796 
competition with Bronsted acid-base 
reactions, 388 
competition with E? reaction, 
HFA ID. 321—423 
effect of base structure, 409—111 
elect of alkyl halide structure on rate, 
3-30? 
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effect of a-carbonyl group on rate. 


i662 
effect of leaving group on rate. 
398—399 


of carboxylate ions with alkylating 
agents, 969 0710) 
o] sulfonate esters, 44бур 
phase-transfer catalysis. 1130 1131 
solvent eftect on nucleophilicity, 
3923-306 
stereochemistry, 388-39 E, 432p 
summary. 349400) 
Snell. Esmond. 124] 
Soaps. 961 
Sodamide, See Sodium amide 
Sodium, reaction with Water and 
alcohols, 356 
Sodium avetylIide 
reaction with aldehydes and ketones. 
gr 
reaction with alkyd halides, 665 
Sodium amide, 663, 128 
base in ether formation in 
carbohydrates. 1191 
Chichibahin reaction with pyridine, 
1224 
Sodium bisulfite 
reducing agent in OsC), reaction with 
alkenes, 303—504 
reaction with aldehydes und ketones, 
940 
Sodium borohydride 
discovery of reducing properlies, 
916—917 
aldehyde and ketone reduction, 
14 917 
aldose reduction. 1197-1198 
reduction ofoxymercuration adducts, 
149 
selective reduction of carbons] 
compounds. [023 
Sodium cyanide. See Cyanide ton: 
Hydrogen cvanide 
Sodium cyanohorohydride. in reductive 
aminations. [133-11 35 
sodium ceyelamate. 1208-1209 
Sodium dichromate. Sec afse Potassium 
dichromate 
alkylbenzene oxidation, 805 
phenol oxidation. 862 
Sodium D-line. 237-238 
in liquid NH, reduction of alkynes, 
660-662 
Sodrun hydride, reaction with aleohols, 
ASG 


Sodium nitrite, See Nitrous acid 
Sodium saccharin, | 208-1] 209 
sedium triavetox yhorohydride, 1n 
reduclive ammations, 1133 
Solid-phase peptide synthesis, See 
Peplides. solid-phase synthesis 
Solubility. 339 
and drags, 3M) 
and permeability of cell membranes. 
349 
йал of hydrogen bonding. 317 
mie compounds, 343-346 
of eovalent compounds, 340—343 
Solvated electrons, 661 
Solvation. 343 
and acidity of alcohols. 35% 359 
crown ethers às model, 352 
of ons, 343 -H6 
Solvation shell, 343 
Solvent cage, See Solvation shell 
Salvents, 339-346 
chassilication, 339. 340) 
effect on nucleophilicitv, 392-306 
eleet on rate of 8,1] reaction. 412 
in NMR spectroscapi, 611 
table et properties. 341; 
Solvolysis, 412. See aie Sod reaction 
ol ally Hie and benzs lic halides, 
790—797 
SOMO, 1341 
| -Sorbuse. [214p 
sp. See Orbitals. hybrid. sp 
sp. See Orbitals, hybrid. ap! 
Specitic rotation, 237 
Speciticity, ef enzymes, 1315 
Spectra. D pes and uses. 544 
spectrometer, 838, See aha specie 
урих, бп. AMR spectrometer 
*pectrophotenmeter, See Spectrometer 
Spectroscopy. 836 
Spectrum. 538 
elcectromagnelie, 5397 
Spin 
nuclear, 541—583, 599 601 
af elecirons, 30 
Spirocsclie compounds, 290 
Splitting. in NMR spectroscopy, 
596-503 
diagram. 604—605 
hrst-order condition, 600 
for alkene protons, 6146, 6) 47 
multiplicative, 603—607 
physical basis; 398-601 
relative line intensities, 595; 
Suuariv acil, 982p 


зш Pond, 1182 
Stageered conformation, 8] 
Standard enthalpy, See Барр, 


standard 
Standard free eneres. See Free energy, 
"andar 


Srapliviewveccus aureus protease, catalyst 
lor peptide hydrolysis. 1296 
Starch, 1210-1211 
Stearic aced, 9307 
Stereovcenter, 129, 229 
Stereavhermical configuration. See 
Absolute configuration 
Stereochemical correlation. 241. 242 
Stereochemisiry. 226, 226—267, See also 
SECTECHSOTTICTS 
absolute, See Absolute eonfisuration 
control of, in organic synthesis; 520 
history, 239-262 
lura po draw structures, 157 259 
ol addition reactions, 308-306 
of substitution reaches, 306 -ADH 
relationships of eroups within 
molecules, 465469 
and NMBR, 589—597 
tetrahedral carbon seometry, history. 
230—286: 
Slenreogenic atom. 129 
Siereosenic center, 129 
Stercoisomers, 128. 226 
analysis, 2J5F 
amd enzyme catalysis, 1316-1317 
as reaction products. A01 208 
cis-trans. 129 
conformational, 283-255 
by chair interconversion, 284-28 
diastercumers, 243, 242—746 
double-bond, [28—] 31. 129 
enantiomers. 227 
meso compound, 246 249 
nomenclature (Cahn Ingold-Prelog 
System 
EZ system. ТАЧ 138 
ALS system, 234-234 
pha sical properties, 244 
relative reactivities. 298-30] 
SIereoselective reactions. 368, 310 
Stereuspeciic reactions, 3160 
Steric etfect. 209, А91 
in ard and sinylie backside 
substtuttens, R24 
in carbonyl) addition, 912 
ni free-radical addition of HBr to 
alkenes, 208-209 
in the 8,2 reaction. 391 


Steroids, 296—208 
hrosynihliesis, 812 
ce and. B-faces, 1977 
nuxlels. 297; 
sources. 298 
Stilhene, 776 
Stille, John K.. 872 
s-trans, conformation of L.3-butidiene, 
һАП—б | 
Strecker synthesis. 1280-1281 
Stretching vibration, 847 
Structural formula. See Formula. 
structural 
B-5tructure, in peptides, 1309-1310 
Structure, 13 
Siritetures 
line-and- wedge. 258 259 
Newman projecuon, 86, 257 
of eycliv compounds, 269-298 
use of planar structures. 284. 285 
хам Dorse projections, 258 
skeletal, 67,67 70 
Study Guide Links, 7 (footnote! 
SIvrene, 741 
catalytic hydrogenation. 169 
copolymer with L3-buradiene (SBR). 
TOK 
industrial source. 778 
Styrene oxide, 33] 
Styrene butadiene rubber, 708 
Substituents, 60. See aise Polar effect. 
Resonance 
common alkyl groups. 60; 
effect on acidity, See Bronsted acids 
effect on molecular orbitals, 1339 
effects in electrophilic aromatic 
substitution, 762 772 
ef heterocycles, 1228-1229 
effects on rates of solvolysis reactions, 
791 
Substitution reactions, Mp, See afse 
specilic гурех. e.g. Nucleophilic 
substitulion 
equilibria. 381-382 
of ligands in transition-metal 
cormplexes, КАЧ-К4П 
retention of stereochemistry, 516-518 
stereochemistry, 306-38, See мә 
specific reactions, e.g.. Alkyl 
halides. 52 reaction 
Substitution tes 
for group relationships, 465-469 
tor NMR shiti equivalence, 390-59 | 
Substitution. at carbon. classification, 
656—607 
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Substitutive nomenclature, 59 
Substrate, 1315 
Succinic acid. 950r 
acwily, 9587 
Succeininide, 990) 
by-product in NMS bromination, 796 
Sucralose. 308-1209 
(Ei -Sucrose. 1207 
reaction With sulfuric acid, 1 166 
Sulfanilamide, 1 139p 
Sulfathiazole. 11399 
Sulfhydryl group, 324 
Sulfides, 324 
basicity. 360 
in rubber xulcanization, 709 
nemenclature, 330. 332 
oxidatiun. 518-819 
preparation 
conjugate addition of thiols ta ec. f3- 
unsaturated carbonyl compounds, 
1093 
free-radica) addition of thiols to 
alkenes. 206-207 xp 
Williamson synthesis. 482 384 
structure, 332—333 
Sulfolane, solvent properties. 3: 
sulfonate esters. 443 
as alkylating agents, 447 
preparation, 444. 1018 
reactions, 445 
Sultonation. of benzene. 755-756 
Sutfones, 518 
preparation by sulfide oxidation, 319 
Sultonic acid group, deactivating and 
directing effect in elecirophilie 
aromatic substitution, 763; 
Sulfanic acids, 443, 948 
acidity, 444, 958 
Ad orbitals and octet expansion, 373 
in ion-exchange resins, 1277 
preparation 
oxidation af totis, 472 
reactions of sulfonate ions with 
phosphorus pentachloride, 971 
Sullonium ions, 308 
Sulfonium salis; 808—509 
Sultanyt chlorides 
chlorosulfonation of aromatic rings, 
9| 
reaction With alcohols, 444, 1018 
Sulloxides, 818 
preparation by sulfide oxidation, 419 
Sulfur 
in rubber vulcanization. 709 
oxidation states ind orbitals, 473 
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Sulfur trioxide. reaction with benzene. 
735-75 
Sulfuric acid 
approsimate тиу. 1003; 
fuming, 753 
Sunset yellow, preparation. 1144 
Suprutucial 1350), ] 354 
Surhictinis. 967-962 
suzuki coupling, 848. 851 
Suzuki reaction. See Suzuki coupling 
Suzuki. Akira. 83] 
Sweeleners, artificial. See Агиса 
SW eeleners 
Swern oxidation. 486p 
Symmetrie molecular orbitals, 
1338-1339 
Symmetry, and chirality, 229-23 | 
Syimmein plane. See Plane of symmetry 
Symmetry point, See Center of 
symmetry 
^im 
stereochemistry of additian. 346 
«lereechemistry of elimination, 404 


T 


12-4) Talne, 11747 
Tanaka. Ков. 57] 
Tandem Mass spectrometry. See Mass 
spectrometry. tandem 
Target molecule. in organi ss nthesis, 
474 
Tartaris acid, 95] 
In enantiomerie resolution. 760-26 | 
i proof ef glucose stereochiemistrs. 
] 204 - 1205 
p-t gr Tartarie acid. топ oxidation ol 1+- 
t--i-threose, 1204 
Tautomers, 1054 
Teflon i polvtemralluoroctys пе. 2167 
discovery, 215 
Temperature. etfect on reaction rate. 
16) 161 
Terephihalie acid 
m synthesis ef polyesters. 1055 
industrial source, 778 
Tertenadine. 8167 
Termination, step in free-radival 
reactions, 205 
Terpenes, 807. 813 
connectivits. SOR 
Tertiary, classification 
of alvohols; 323 
ob alks | halides, 323 
ol amides, 990 
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ot amines, 116 
oT vcarhocations, 151 
af carbon substitution, 6. 
ol hydrogens, 67 
at tree radicals, 208 
Tertiary structure, of proteins, 1310 
Testosterone, 296 
Teiracyanoecths lene (TC NE, 1 369p 
Tetracthy lead. 86 
Tetratbuoroborate jon. charges. 12 
Tetrahedral addition intermediate. 
uHe 967 
in acid-catals ^ed ester hydrolysis, 1006 
in ester saponiticulion, 106035 
in nucleophile acyl substitution. 1012 
in the Chichibabin reaction. 
1234-1035 
inthe Claisen condensation, 1074 
Tetrahedrane, 202 
Tetrahedron. 15. 16s 
Tetras droturan (THE) 
екг in oxymercuration. 187 
dipole moment. 1222 
Intermediate in nylon ss мА, ТОЗА 
solvent in hydroboration, 192 
solvent properties, 34 H1 
Tetrahs drops rans 1. See THE 
a- Tetralone. preparation. 761 
Tetrameths Iilang, 580. 593 
Thalidomide, 240 
Thermal cracking. 217, 2227 
at ethylene, 670 
Thermal perteyclie reaction. 1343 
Thermos namie contro, 7053-707, 706 
in conjugate addito to a. ge 
unsaturated carbonyl compounds. 
ШЕ 
Thess borane. 225p 
THF. See Tetrahvdrofuran 
Thiamin, 1256 
Гале, P22 if 
Thiazolinone, ТАВА 
Thinethers. See Sulfides 
Thich esters, reactivity, TO39p 
Thiolates 
formation Inn thiols, 357 
Williamson ether synthesis. 482—154 
Thalys, 324 
acidity, 355-359 
oxidation states, 472] 
геп 
conjugale addiien to o. f-unsaturated 
carhonyd compounds, 1092-1093 
conversion into thiolates; 337 


[ree radical addition to ulkenes, 
2060 DUT apa 
oxidation, 471. 473 
Williamson ether synthesis, 482—154 
structure, 332—333 
Thionsl chloride 
In synthesis of aen chlorides, 97] 
reaction with асо, 444 
Thiophene. 331, 1221£ 
empirical resonance engres., 122 
migration. 227 
relative reactivity in electrophiilie 
arematie Substitution, 1278 
Thiophene derivati es, [iinsberg 
synthesis, | 264p 
Тоша. 1303 
THP ethers, protecting group [өг 
alcohols; 943p 
Threomiune 
phosphorylation m proteins, 1308 
sIruecture and properties. | 2687 
pa 1 fhreose. 1174; 
trom application of Kiliani Fischer 
"vnthesis to p-OGrieglyceraldehs de. 
| 206 
oxidation teo p- 
B-ThujJone, 815p 
Thymidine. 12477 
Thy midslie acil. 12477 
Thymine, [246 
photochemical dimerization i DNA. 
[254 -1235, | 352 
Ths mine dimer. photochemical 
formation in DNA, 2843-1255 
Tin. See abe Organatin reagents 
Тул, reducing agent for nitro 
compounds. 1147 
Titanium HER catalyst fer eths lene 
polvimerizatien, 853 
Titanium Ly alkoxides, in ass mmetric 
epoxilahon, 522 326 
TNLAO, See Trimeths lamine-N- oxide 
o-Tocupheral, 865 
Tollens reagent, reaction with aldoses. 
1194 
Tollens test, 937 
Toluene. 74] 
acidity of benzylic hydrogens, 790 
пыла source, 778 
IR spectrum, 745j 
питао. 772 
p-Toliuenesulfonic acid. 443 
acidity, 10375 958 


Hrartarie ael. £204 


p-Foluenesulfons | chloride. reaction 
with alcohols, 444 
Тое acid. See Methylbenzole uvid 
Torsion angle; 19, See afse Dibedral 
angle 
Torsional strain, SI 
Tass] chloride. See p- Foluenesultom | 
chloride 
Tosy Ile esters (toss latesi. 444 
Dans 
alkene sicreochemisury. 129 
ring tusion siereochemistpy, 202-204 
"dereochemistrs of disubstituter 
vevelohexanes, 281-282 
Transestetrilieation, 1021 
for removal of esters in carbohydrates, 
| 192 
Transition metals, 832. Sec eladi 
Transition-metal complexes 
as catalysts, See Transition metal 
complexes 
oxidation мац. 833 
Transimien state. 188, 139, See aivo 
Hammond s pesulat 
I ransition-metal complexes, 832. See 
айма ines dual reactions. e.g. 
Heck reaction 
d^ тилди. 836 
electron counting. 836. 838 
fundamental reactions, 8398. N45 
elimination, 843—844 
ligand association, чао. and 
substitution, 8 3-840 
ligand insertion, 842-845 
хане addition, 840. 41 
геш о eliminanon, 841-542 
oxidation «tate of the metal; МАА 
Transmetallatien, 664, for preparation of 
Grignard reagents, G64 
Transmittanee. 54] 
Trialks lhoranes, 191 
Triursiphosphines. as ligands for 
шып metais, 834; 
7 4.6-Tribromoaniine. preparation, | 1358 
1.3.5 Tribramobenzene, preparation. 
1142 
2 4.6- Tribremophenol. preparation, 774. 
ROS 
Trigarballs lie acit; 1099р 
Trichboreacetaldehis de; Sec Chlorai 
Trieuhsy lamine. as а hase in reactions ol 
acid ehiorides. 017 
Triethylene elyeol 93] 
Triflates ЛҮ не esters), 445 


leasing groups in S2 reaction, 397 
preparation, J46. 87? 
Triluorozcetie acul 
acids. 111. 95k 
in Ednan sequencing, E303 
n solid-phase peptide synthesis, EIRY 
Trilis acid. See Trilluoroacetic avil 
Тет: anhydride. See Triftuoroieetie 
anhs dride 
Triluorodegte anhydride 
in tritate ester preparation, 446. 877 
preparation. 973 
Triuoromethanesulfenate esters, See 
Triflates 
Tritlluraltn. E139; 
Trigonal planar geomet. 07 
Trigonal pyramidal geometrs. 18 
Trimeths damning oxide (PM ACH, 
oxidant in СУУС), reaction with 
alkenes, MH 
1.3.3- Irimethy benzene, See Mestts lene 
Trimeths ҳои tetratlluoreboraie; 508 
2 4.6- Trinirobenzone ас, acidity. 9387 
Tripeptide, 1267 
Triphens Imethane. acidity, SIOP 
Triphens Iphesphine 
as a and tor transition metals, 8344 
in the Witte synthesis. 934 
Inphem Iphosphine exile. by-prisduct 
at the Witte synthesis. 934 
Trisuecharides, 1167 
Triton B. 1129 
Tris] chloride, relatis e sob ум rate. 
PHN 
Tris E radical. dinerization, 820p 
Tropong, Вахах. | Pap 
Tropy lium bromide. 736p 
Tapa 
valah ч tor peptide hydrolysis, 
PLoS [190 
inhibition by benzamidinium ion. 
1318 1319 
mechan od catalysis; 8315-0317 
Tra piamine, [258p 
Try ptophan 
Рх ем. 1262p 
хоите алу properties, | 2687 
B-Furn. 1309 
Twist hot conformation, 275 
Tyrosine 
phosphorylation in proteins, 1306 
мкл and properties. 12687 
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U 


Ubiquinore, 864 
(тах ег spectroscopy. See 
і visible spectresceeps 
Uneertamts principle, 23 
песа, A8; 
Unimolecular. 413 
ec - V nsaturated сапу compounds. 
ЦЗ 
preparation, aldol condensation. 
[OHS- Тое 
СТАЛО 
KS Lathan «атта with 
ueri donire. 1132 
сасу hydrogenation, 917. 1101 
vconpnigate addition or enolate qns. 
1007-1099 
ЛИЧНОЕ Е ТОТИ reactions, 
192-0100, TICE 1105 
with iium oranecuprate 
reagents, T [02-1103 
hydride reduction, i [00-1101 
hydrogen eyehanse. 10р 
in organie synthesis. 1103. 1 PAs 
Robinson annulation, 1098 
wilh erganohithium reagents. | HY? 
L'nsaturatien number, 139 
Unshared pairs. 5 
treatment by VSEPR theory. 18 
L'p carbon, in eselohexane, 272-2273 
Uracil, 1246 
Urea. 877, 991 
denaturing agent for proteins. 1313 
sS niliesis rom ammonium eyaniade, 2 
Urea derivatives, preparation from 
PS tes. 1181 
Uridine. 1247 
L'ricsy lie acid 1246, 1247! 
L roni acid, ТЕРА 
тихо, 866 
LUV radiation. cause of ths mime 
dimerization in PNA, 
] 254-1255 
UV spectroscopy. See Liv -visible 
spectroscopy. Sec afte maliy dual 
r'uncirmad groups. сн, Ketones. 
соти. UN spectroscopy 
LV table spectrometer, 684 
LV visible Уур spectroscopy. 
54 - 6 
Beers Там. 685 
physical hasis. 686. 687 
structural effects on А. 689-60 


see index Guide on page 1-1 
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v 
Valence electrons, 3, 31 
Valence orbitals, 3 
Valence shell. 3 
Nalence-shell electron-pair repulsion, 
Seo VWSEPR 
Valeric acid, 9507 
Valine. structure and properties, 1268: 
Valproie acid (2-Props Ipentanoie acidi. 
OSU, LORS) 
van Bommel, A.J.. 1204 
van der Wauls attractions. 71 
in protein siructures, 1311 
van der Waals radius, 88 
an der Waals repulsions, 85, See obo 
Steric effect 
van Ekenstein. Willem Alberda, 1186 
var d Hoff, Iacobus Hendricus, 
posrulaion et tetrahedral carbon 
geameins. 26] -762 
Vuniliin. 717, 878p 
Veronal, 1110: р 
Vibration. See Bond vibration 
Vicinal dihaiides. 181 
preparation, I8] 183 
Vinyl chloride, 822 
Industrial preparation, 670 
Vinyl 2.2-dimeths ipropanoate. See Vinyl 
pivalate 
Vinyl group. 133, 324 
еште m EZ system. 138 
Vir раме, NMR spectrum, 603-605 
Vins lhoronic acids. See Boronie acids, 
vinylic 
Vinylic anions. 663 
Vim he cations, 826 
Minylic halides. 822 
B-climinations. 825 
In S.l reactions, 826—828 
In 5.2 reactions, 924-24 
Улуп protons, in NMR spectroscopy, 
612-513 
Vision, light absorption, 639 


see index Guide on page I-1 


Visual purple. See Rhodopsin 
Vitamin А, ВИ 
Vitamin B,- See Pyridoxal phosphate 
Vitamin B,.. 879p 
Vitamin D. formation in реги elie 
reactions, 13605-1367 
Vitamin D. 
пат l}, 
Molvgigal formation. 1365-1366 
NAIR spectrum, 642.643 
Vitamin E, as an antioxidant, 865 
VSEPR theory, 15 
Wrestment of unshared pairs; 18, 41 
NVulcanization. ol rubber. 700, 1298 


W 


Wallach. (Hiu. $07 
Waler 
acidity, 1034 
addition reactions. Sec Hydration 
ws an amphoteric compound. 105 
basicity. 103; 
ЕРМ. 1] 
In ione salvation. 3457 
on-npreduet constant. 102- 103 
structure. JAY 
solvent properties, 3417 
Water solleners, 1279 
Water splitung, [15А 
Watson, James D.. 1248. 1249 
MWeabseon-Criek base рану 
in DNA, 248-1251 
etier of DNA аку lation, 1253-1234 
Wavetuncetiun, 23 
Waveleneth, 837 
relation to wavenumber ami frequency. 
5841 
Wavenumbher. 541 
Waüuve-particlé dualis. 22 
Wares, 1036 
Weerman degradation, 1217р 
Whitmorg, Frank C... 157 
Wilkins. Maurice. 1249 


Wilkinson catalyst, 845p. 858 
Williamson synthesis, 483, 482—184 
applied to carbohydrates, 1191 
ol ary E ethers, 862 
Wilson's disease, 357 
Meister. Richard. 116475 
Winste, Saul. 511 
Witte alkene synthesis. 933 936 
Withe. Georg. 936 
Wohl degradation. 1217р 
Wahler, Friedrich. 2 
Wolff—Kishner reaction, 931-933 
Woodward, Robert B.. 1335 
Woodward-Hoffmann: Fukui theory. 
БЕК 
Wool, 1310 
Wurtz. Charles Adolphe, 761 


Xeroderimui pmgmentosum. 1255 


X, Y, 2 
X-ty pe ligands, 833 
-Xy lene. 74] 
p-Xvylene 
and nylon synthesis; 1033 
ws а seuree ef terenhuhalie acid. 778 
Dui XvVlesc. 11746 
Y lids. 933-034 
formation, 935 
Z. 5ee Stercujsamers, nomenclature 
Fanse. Alexander M, 407 
Zaltsevs rule, 407 
Aiegler- Мапа process. for ethylene 
polymerization, 213 
vatals st, SA? 
Zinc chloride, catalyst far Friedel—Cratts 
acvy Tation, 760 
Zinc copper eouplein Simmons Smith 
reaction, 4 26 
Zoaparanol, 815p 
Zwierions, 1265 
Im amine acids, 1265 
evidences T2 TE opta 


А Peri od ic Ta b | е —— The shaded elements 


will be encountered most frequently 


of the Elements К 


2 ——— — — Group numbers recommended by the IUPAC are in green. 


Older group numbers are in red. ( These are used in 
the text for calculating formal charge for the A-group 
elements.) 


2 (Atomic weights in parentheses are for the isotope of 
longest life.) 
3 
4B 3B 
4 
5 
6 
7 


Lanthanides 
164.930 


Actinides 


Compound 
class 


General 
formula 


Functional 
group 


Specific 
example 


Common 
name 


Substitutive 
name 


Compound 
class 


General 
formula 


Functional 
group 


Specific 
example 


Common 
name 


Substitutive 
name 


3 
(R = alkyl, aryl) 


H4C—CH y—N H i 
ethylamine 


ethanamine 


Ester 
0 
| 


R—C—O—R 
(R` = alkyl, aryl, Н) 
(R = alkyl, aryl) 


| 
H,C— C—COCH, 
methyl acetate 


methyl ethanoate 


Aldehyde 


R—CH—O 
(R = alkyl, aryl, Н) 


| 
H4C— C—H 
acetaldehyde 


ethanal 


О 


| 
R— C—NR, 
(R = alkyl, aryl, H) 


[| 
H4C— C-—- МН, 
acetamide 


ethanamide 


acetone 


R—C—R 
(В = alkyl, aryl) 


| 


2-propanone 


- Carborylic Achi Derivatives 


Anhydride 

о 0 

| | 
R—C—0—C—R 
{R = alkyl, aryl, Н) 


| | 
HiC—C— O-—C— Ch, 
acetic anhydride 


ethanoic anhydride 


Acid chloride 


| 
R—C—cl 
(А = alkyl, aryl, Н) 


| 
Hg C— 5-6] 
acetyl chloride 


ethanoyl chloride 


Carboxylic 
acid 


0 

| 
R—C—OH 
(А = alkyl, aryl, Н) 


acetic acid 


ethanoic acid 


Nitrile 


R—C=N 
(R = alkyl, aryl) 


acetonitrile 


ethanenitrile 


